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PREFACE 


This book is intended to familiarize the reader with the specific treat- 
ment of a certain phase of electrical engineering, that of the art of seemg 
at a distance through electrical translations, or, as it is commonly called, 
television. 

The material of this book originally consisted of a series of twenty- 
eight lectures and formed one of the radio training courses offered after 
business hours to employees of the General Electric Company. The 
original series, begun in 1938, has been revised and enlarged several times 
in the past decade, the latest revision having been completed in 1949. At 
that time the series was offered as a graduate course for engineering students 
in a cooperative educational program established by Syracuse University 
and the General Electric Company. The lecture material has been re- 
grouped and in some cases revised in order to make the presentation more 
coherent. 

Television engineering is a specialized branch of radio engineering, 
which, in turn, is itself a specialized branch of electrical engineering. 
Television engineering deals with the conversion of light pulses into elec- 
trical pulses, the amplification and modulation of a high-frequency carrier 
wave by these pulses, the radiation and propagation of these waves through 
space, the reception and detection of these waves, and the ultimate restora- 
tion to light pulses on a suitable viewing screen. Furthermore, it deals 
with the means for obtaining proper synchronization between transmitter 
and receiver for the correct synthesis of the picture parts. 

Television makes use of optical, radio, audio, and video (picture) fre- 
quencies, thus covering a wider range in the ethereal spectrum than radio 
engineers are accustomed to deal with in other forms of communication. 
Commercial television also requires the services of the motion-picture 
engineer, for in televising the scenes of a drama, the lighting and micro- 
phone positioning must be handled skillfully in order to give a reproduced 
picture of high and uniform quality. In motion pictures there may be 
many “retakes” of one scene from which the best one may be chosen for 
release; but in television, as in radio broadcasting, once the scene and 
sound have been transmitted, there is no recalling, no second chance. 
These points are being made merely to illustrate the complexity of the 
television field and to show that there is a need for highly skilled men. 

It is not intended to make this book one of advanced abstract mathe- 
matics; rather, the book is intended to provide the reader with an under- 
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standing-of the several principles underlying television engineering and to 
furnish him with some valuable tools useful in his profession. This does 
not mean that mathematics will be studiously avoided; instead, mathe- 
matics will be used rather freely asa means to an end. It is assumed that 
the reader is familiar with the fundamentals of direct- and alternating- 
current theory and calculus and that he has had some experience with radio- 
frequency phenomena, circuits, and vacuum tubes. 

The author wishes to express to the editorial boards of the Proceedings 
of the Institute of Radio Engineers, the Journal of the Franklin Institute, 
RCA Review, Electrical Engineering, and Radio and Television News his 
thanks for their kind permission to make use of material from these 
periodicals. The author also wishes to thank Dr. F. E. Terman and 
Dr. V. K. Zworykin for special permission to draw upon some of their 
published works. 

This book could not have been written except for the policy of the 
management of the General Electric Company of providing advanced 
courses of study for its personnel. Thanks are also due G. R. Fugal and 
J. W. Dreher, supervisors of training courses at the Bridgeport Works 
and at the Syracuse Works, respectively, for their encouragement and 
cooperation. 

Last but not least, the author wishes to thank I. J. Kaar, manager of 
engineering for the Electronics Department of the General Electric Com- 
pany, for whom the author has worked during the greater part of the 
time since his employment by the company in 1926. Mr. Kaar not only 
has been a source of inspiration to the author by his continued encourage- 
ment at the engineering level, but was at one time himself an instructor 
in company-sponsored courses in Radio Theory wherein he personally 
developed some of the material that appears in the pages of this book. 

Rosert B. Dome 


Syracuspg, N.Y. 
April, 1951 
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CHAPTER 1 


EARLY HISTORY OF TELEVISION AND SOME 
FUNDAMENTAL CONCEPTIONS 


1-1. Precursors of Television. Even before the dawn of history, man 
probably felt the desire of being able to see what was going on beyond his 
range of sight. Through the ages of history, first were seen the pictures 
formed in the minds of men by the descriptions brought to them by messen- 
gers, travelers, sailors, and soldiers. Then there came the time when 
sketches were made of the distant object and the sketches transmitted by 
messengers to the receiving points. In the last century this development 
of the art was advanced greatly by the invention of practical photography 
and photoengraving. Today a person can open the morning newspaper 
and see pictures covering events that took place only the day before. 
With the development of television’s brother, wire-line and radio telephoto 
or facsimile service, it is now possible to transmit an 8- by 10-in. picture of 
excellent quality from Florida to New York in only ten minutes. 

The transmission of the pictures just described, however, did not com- 
pletely satisfy mankind. What he wanted to see was not “still” pictures 
but ‘‘moving” pictures. Moving pictures would greatly increase the 
realism of the depicted scene and leave less to the imagination. The out- 
come of this was the motion picture of 1905, which was based upon the 
known physiological phenomenon of the persistence of vision. Photographs 
of the scene of action were taken at intervals of 14 sec, and these photo- 
graphs were successively projected at the same rate onto a screen for view- 
ing by large numbers of observers. The first pictures were silent; the 
observers were required to read what each character of the scene was saying. 
This distracted some from the realism which had been and was still desired. 
Rarly attempts at talking pictures were unsuccessful because of the limited 
power of the audio reproducer. The writer recalls an instance in 1912 or 
1913 when he listened to a mechanical phonograph set up on the stage of a 
small motion-picture theatre in which the sound and picture were syn- 
chronized by a constant manual control. Needless to say, this instance 
was just a demonstration of scientific or academic interest only; and it was 
not until 1928 and 1929 that practical talking movies on a commercial 
scale were available. It might be mentioned here that “talkies” owe their 
existence to the development of electronic devices, both in the amplifica- 
tion of weak currents to powers capable of being transformed through the 
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newly developed dynamic loudspeakers to large audiences, and also in the 
creation of the weak electrical currents of audio frequency by the photo- 
electric cell from the variable light of the sound track on the edge of the 
motion-picture film. The motion pictures of today, with the advent of 
natural color, have very nearly all the features necessary for realistic repro- 
duction. One feature still lacking is depth perception, or three-dimensional 
(stereoscopic) reproduction; even this may be just around the corner, as 
gathered by some hints dropped at the FCC Hearing September 20, 1948. 

With all these advancements, man’s desire still is not completely satisfied. 
Motion pictures are very realistic, but they always show events that have 
taken place yesterday, last week, or even last year, and not at the same 
instant that the viewer is looking at the reproduction. It is to fill this last 
requirement that television has been developed. 

1-2. Principle of Linear Scanning. The principle upon which all prac- 
tical television systems depend for their operation is that of “linear scan- 
ning.” When the human eye views an object, light rays from the object 
viewed are focused by the lens of the eye onto the retina. The surface 
of the retina is made up of thousands of rods and cones that behave like 
photoelectric cells to transmit the image impulses to the brain, where the 
final image is formed. ‘These rods and cones are sensitive not only to the 
intensity of light but also to its wavelength (color). Leaving out the color 
feature, a television system resembling the eye in principle of operation 
could be set up. Ona large area a large battery of small photocells could 
be arranged, so that when the object to be televised had its image focused 
on the photocells, the cells would perform as the eye’s rods and cones. In 
order to reproduce the image, a large battery of small lamps arranged in 
the same way as the photocells, and with their intensities controlled by 
corresponding photocells, would be required. The connecting wires or 
channels needed between the sending and receiving points would correspond 
to the number of cells and would be impractical for radio application be- 
cause of the large number of channels required, necessitating a very com- 
plex transmission and reception system. For practical television, then, 
the early workers turned to linear scanning. 

Linear scanning, as the name implies, is a means for changing the picture 
from a unit picture in two dimensions to a long ribbon or line of picture in 
essentially one dimension. For instance, one would have just as much 
picture material in his hand if he picked up a square picture 10 by 10 in. 
or if the same picture were cut into ten 1-in. ribbons, each 10 in. long and 
pasted end to end to give a ribbon 1 in. wide by 100 in. long, as shown in 
Figs. 1-1 and 1-2. In either case he would have 100 sq in. of picture. Of 
course, before he could tell what the ribbon picture was, he would have to 
cut the ribbon up into 10-in. lengths and paste the edges of the strips to- 
gother again to form a square 10 by 10 in. But the important thing is that 
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the ribbon could be fed through a narrow 1-in. slot or single channel, whereas 
the complete picture could not. Of course in television no ribbon is trans- 
mitted as such, but optically and electrically about the same thing occurs. 
For instance, beginning at the top of the picture to be transmitted, a narrow 
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Pia. 1-1. The object to be scanned, for example, the capital letter E, is divided sequen- 
tially into horizontal strips beginning from the top. Ten lines only are employed in this 
elementary example. The picture dimensions are 10 units wide and 10 units high. 
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I'ia. 1-2. The ten strips of Fig. 1-1 are shown arranged contiguously end to end to 
form a tape 1 unit wide and 100 units long. 


horizontal strip of the picture is scanned optically by any of several means 
such as might be obtained by passing a square aperture along the ribbon 
of picture. The variations in light intensity are used to cause correspond- 
ing currents in a photoelectric cell. Thus the average shading of the strip, 
with time as the longitudinal axis, is electrically reproduced. After one 
strip is scanned, the aperture drops down one strip width and scans the next 
strip, and so forth, until the whole picture is scanned. The whole picture 
should be scanned in }4¢ sec or less, so that enough complete pictures may 
be scanned per second to allow the eye to receive enough stimulations to 
exceed its persistence rate and give the effect of a continuous picture. 
The repetition rate per second required to eliminate flicker completely 
depends on the brilliance of the picture and on the time of exposure during 
each interval. The writer has found that a repetition rate of from 40 to 45 
pictures per second is necessary when using a cathode-ray tube to produce 
a scanned field of perhaps 5 ft-lamberts intensity. 

‘The modulated current of the photoelectric cell is suitably amplified and 
used to modulate a radio transmitter. At the receiving end, the radio wave 
is detected; and the resulting modulated low-frequency current is used to 
reproduce the original picture by means of an electrically operated light 
device, such as a neon tube or cathode-ray tube, in combination with a 
synchronized scanning system for distributing the light to the proper areas 
of the formed image. 

‘These principles were known years ago, for as early as 1884 Nipkow de- 
scribed a mechanical scanner of the disk type which bears his name. At 
that time and up until about 1925, however, other essential parts of the 
television system were not available. With the development of the photo- 
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electric cell and the vacuum-tube amplifier, the missing essentials were 
made available and television became practicable. 

1-3. Early Methods of Scanning. The essential parts of a practicable 
television system now being available, investigators in several countries 
began the development of working television systems. Baird, in England, 
the Bell Telephone Laboratories, Jenkins, the General Electric Company, 
and others, in the United States, were among the first in the field. In 1928 
regular television transmitting periods were scheduled on WGY for short 
times during the day. Baird was transmitting in England, and attempts 
were made, with fair success, to span the Atlantic on short waves. By 
1929 and 1930, that part of the radio spectrum from 2,000 to 2,850 ke was 
set aside for experimental television transmission, and a number of trans- 
mitters were in operation in such cities as Boston, Washington, D.C., and 
New York. A 1-kw transmitter was operated by the NBC in the Times 
Square Studio above the New Amsterdam Theatre in New York, and a 
14-kw transmitter was operated by the CBS in their Madison Avenue 
Studios in New York. ‘These latter stations operated with 60 lines per 
frame, or per picture, at a frame repetition rate of 24 per sec. The speed 
of 24 frames per sec was chosen to agree with the number of frames per 
second of standard talking motion-picture film. 


Subject 


Motor 


Fig. 1-3. Mechanical system of television studio pickup. The disk, shown edgewise 
here, is shown from the front in Fig. 1-4. The subject is in total darkness except for the 
light coming through the holes in the disk. 


There were two sources of pictures for television broadcasts. First, 
there was the studio pickup in which animate objects were televised, such 
as actual scenes in which live persons appeared. Second, there was in- 
direct pickup from motion-picture film. In studio pickup, the scanning 
system known as the “‘flying-spot” consisted of a high-intensity arc as a 
light source; the light was focused onto the back of a Nipkow disk; a lens 
in front of the disk focused the lighted apertures onto the scene to be tele- 
vised; batteries of photoelectric cells picked up the reflected light and con- 
verted the varying light into electric current modulated as the light, as 
shown in Fig. 1-3. 
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The disk used in this system was perforated with 60 small holes, or 
apertures, arranged in a single spiral near the edge of the disk, as shown 
in Fig. 1-4. 

The central angle made between any two 
adjacent holes is consequently 


° te] 
a ae ee (oY 
where N = number of holes 
The radial distances from the center to succes- 
sive holes differ by one line height, so that from 
the first to the last hole the difference in radial 
distances is the whole picture height. If the 
scanning field is square, the first and last holes Fre. 1-4. Single-spiral scan- 
will have a radial displacement difference equal ae oe Soria he in pechiee: 
to the are of 6° at the mean radius of the holes. pein are set ae 
If the mean radius is 10 in., the height will be sary to scan the field of eae 


; ° completely from top to bot- 
y = in XO = 1.087 in. (1-2) tom. 


Since 24 frames are transmitted per sec, the shaft speed must also be 
24 rps, or 24 X 60 = 1,440 rpm. 

The are light must be focused down to a spot on the back of the disk 
not less than enough to cover the area 1.047 in. square, in order that all the 
holes will have back illumination for their entire travel through an are of 6°. 

The lens system in front of the disk may contain three lenses of different 
focal lengths. One may be used for close-ups for the head and shoulders 
of one person; a second lens may be used for an area 4 by 4 ft, which would 
encompass two persons in dialogue; and a third lens may be used for an 
area 10 by 10 ft for dramas, boxing matches, etc. 

Another type of direct pickup scanning system is possible wherein the 
subject to be televised is very brightly illuminated. In this case the image 
of the subject is focused on the Nipkow disk and the photoelectric cell is 
located in back of the disk with the light coming through the holes focused 
by a second lens onto the cathode of the photoelectric cell, as shown in 
Fig. 1-5. 

The objection to this scheme is that the illumination of the subject must 
be extremely intense, and this makes the subject highly uncomfortable. 
It is, however, the only way of televising outdoor daylight scenes with the 
mechanical scanner. 

The moving-picture disk scanner is the simplest form of scanner from the 
construction standpoint. Instead of holding one frame of the film sta- 
tionary and scanning it with the spiral-hole disk, the film is moved through 
the gate at constant speed, The holes in the disk are then arranged in a 
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circle so that each hole is the same distance from the center of the disk. 
The disk revolves once in the time required for one frame of film to move 
by a fixed point in the gate. If it is thought desirable, a 30-hole disk could 
be run at double the speed of the 60-hole disk; or in the case just cited, the 


PE. Lens 
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To amplifier 


5),) Subject 


Disc 
Motor 


Fic. 1-5. Direct pickup mechanical system in which the subject is brilliantly illumi- 
nated. This system is suitable for outdoor pickup of intensely illuminated scenes. 


30-hole disk would have a speed of 2 X 1,440 = 2,880 rpm. In either 
event it is seen that 60 holes pass by in 144 sec, the time required to pass 
one film frame through the gate. Sound is taken off the sound track in 
the usual way, and in this case the problem of wow is somewhat simplified 
on account of the constant speed of the film. 

The mechanical method of scanning is satisfactory when the number of 
lines per frame is relatively low. For motion-picture scanning, the lines 
may run as high as 180. The German television equipment of 1935 oper- 
ated 25 frames per sec with 180 lines. In 1936 this was increased to 441 
lines by operating a large disk in a vacuum to reduce windage resistance. 
In the case of studio pickup, however, the results obtained with 120 lines 
are barely acceptable, and this marked the upper limit in this field. These 
systems are limited because the hole size must be decreased as the number 
of holes increases. The decrease in hole area is thus proportional to the 
square of the number of holes for a constant disk diameter. If larger 
disks are used, the mechanical problem of rotating them at high speed 
becomes most acute. Likewise, the mechanical problem of punching the 
holes accurately, both as to size and position on the disks, becomes acute. 
Where greater detail is desired than that obtainable by the mechanical 
systems, the more recent electronic scanners described in Chap. 2 may be 
used. 

1-4. Early Methods of Reproduction. One of the earliest forms of tele- 
vision receivers was that employing a neon lamp and a Nipkow disk. The 
incoming radio signal was amplified and detected in the usual way and the 
low- (or video-) frequency signal amplified and fed to a neon lamp. A 
certain amount of d-c voltage was used in series with the video voltage for 
the purpose of supplying the neutral or “gray”? background. This was 
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necessary because the d-c component of the original picture at the trans- 
mitter was usually not transmitted, and hence had to be artificially rein- 
serted at the receiver. The neon lamp usually contained a flat square 
electrode upon which the glow was formed. In front of the neon lamp was 
located the Nipkow disk. It was driven by a motor whose speed could be 
controlled manually. The disk contained the same number of holes as the 
lines of the transmitted picture, and the holes were arranged in a spiral 
in a manner already described for the transmitter disk. The viewer was 
positioned in front of the disk and looked either directly at the disk or 
(hrough a lens for enlarging the section of the disk corresponding to a 
single picture area, as shown in Fig. 1-6. 


Radio 
receiver 


Observer 
Motor 


Disc 


Fic. 1-6. Mechanical system of television reception of a direct viewing type. 


When the speed of the receiving disk was synchronous with the speed of 
(he sending disk, the picture stood still. If it was not “‘framed’’ properly 
horizontally, the motor could be rotated bodily with respect to the earth 
to correct for this. If the picture was not framed properly vertically, the 
motor was permitted to become asynchronous for the number of revolutions 
required to bring the picture into frame. Care had to be taken to see that 
« color reversal did not take place, so that black became white and white 
hecame black, by correctly arranging the polarity of the video signal fed 
o the lamp. If a “negative” picture was obtained, a reversal or “posi- 
\ive’’ picture could be obtained by adding or subtracting one stage of resist- 
ance-coupled video-frequency amplification, since each stage of amplifica- 
lion reverses the phase 180°. 

‘The same equipment was used without alteration for receiving either 
moltion-picture-film transmissions or studio transmissions. 

The size of the virtual image so produced seldom exceeded in size an 
area 3 in. square. While this might have been adequate for a single 
observer, it was definitely inadequate for a group of observers. Conse- 
quently a projector type of receiver was developed in which the neon lamp 
previously mentioned was replaced by a neon lamp of the crater type. 
This lamp gave greater intensity of illumination behind the disk. The 
light coming through the disk was then focused onto a ground-glass screen 
approximately a foot square; this image was large enough in size to be 
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viewed conveniently by a number of observers. The apparatus was made 
up in portable form, and television exhibitions were given with it at radio 
shows and at other gatherings. 

The size of the image mentioned was still inadequate for a large group 
of spectators, as in motion-picture theatres. A Kerr cell projector was 
developed for such groups. The Kerr cell is a device that might be called 
an electrically operated light valve. A high-intensity are lamp is placed 
behind the Kerr cell. The light is condensed and passed through a light 
polarizer; then the light passes through the Kerr cell. The Kerr cell con- 
sists of two metallic condenser plates, between which is a quantity of nitro- 
benzol. When an electrical potential difference exists between the two 
condenser plates, the plane of polarization of the polarized light passing 


Kerr cell 


Screen 


Mofor 
Disc 


Fig. 1-7. Mechanical system of television reproduction employing projection for view- 
ing by larger groups of spectators. 


through the cell is rotated. The amount of rotation varies with the 
strength of the voltage. After the light emerges from the Kerr cell, it is 
passed through another polarizer, which is lined up with the first polarizer. 
The action of the voltage on the Kerr cell is thus to vary the intensity of 
the light, which finally emerges from the second polarizing means. The 
gray background may be obtained by polarizing the condenser plates with 
a d-c potential superposed upon the video-frequency voltage. The light, 
having been modulated, is now concentrated on the back side of a Nipkow 
disk. On the other side of the disk a projection lens is located, which 
focuses the holes or apertures of the disk onto a screen such as is used for 
motion-picture projection. The system is shown in Fig. 1-7. 

It is possible to produce a picture 10 ft square by this system of television, 
which was demonstrated to theatre audiences at a Schenectady theatre 
in 1929. 

Still another of the earlier reproducing schemes employed a mirror screw 
alternatively to the Nipkow disk. This method employed a source of 
light such as a neon lamp modulated with the video voltage or with an are 
lamp and Kerr-cell modulator. The light impinged on the mirror screw. 
The mirror screw consisted of a number of small mirrors equal in number 
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to the number of lines of the transmitted picture. These mirrors were 
generally mounted on the periphery of a circular wheel in very much the 
same manner as the rotating mirrors of a string oscilloscope. The only 
difference required was that each mirror be successively tilted at a slightly 
greater angle than its predecessor from the line parallel to the shaft of the 
wheel, so that when each mirror came by, the spot would be moved down 
one line width until the complete picture height was covered. The 
mirror-wheel shaft would normally be mounted vertically. The viewer 
of the picture merely looks into the mirror wheel at the image of the pin 
point of modulated light, which because of the motion of the wheel forms 
an area of picture. Various magnification and projection means may be 
used to enlarge the image. On the whole, however, the mirror screw did 
not seem to meet with much favor, probably because of the cost of construc- 
tion necessitated by the delicate tilting-angle adjustments required. 


PROBLEMS 


1-1. Laboratory tests have been made that show that the screen illumination in 
foot-candles when plotted against frame frequency for just perceptible flicker turns out 
to be a straight line when plotted on semilogarithmic graph paper. Two points on a 
curve were measured. These were 


Abscissa (logarithmic scale) Ordinates (linear scale) 
(Illumination) (Frame frequency) 
1 ft-candle 38 
5 ft-candles 45 
(a) From these data determine the equation for frame frequency F in terms of 


illumination #. 

(b) What frame frequency must be used to provide just perceptible flicker if the 
illumination in the example given were increased to 20 ft-candles? 

(c) What illumination level is tolerable if F = 60 frames per sec and the flicker is 
to be just perceptible? 

Answers: og E 


1 log E 
(a) F -38+7/ ES 


(b) F = 51 frames per sec 
(c) BE = 158 ft-candles 

1-2. (a) If it is desired to scan motion-picture film with a disk scanner at 120 lines 
per frame and 24 frames per sec, and the only motor available is a 1,200-rpm syn- 
chronous motor; how many holes would be needed on the disk? 

(b) If the maximum safe peripheral speed of a disk is set at 1,100 ft per sec, what is 
(he largest diameter hole that may be used in punching a spiral-type scanning disk 
designed to rotate at 3,600 rpm, producing a 180-line picture at 60 frames per sec? 
‘The picture shape is square and the holes are permitted to have a diameter 1.5 times 
the center-to-center spacing of adjacent lines. The outermost hole must be kept 
(0.25 in. from the edge of the disk for optical and mechanical reasons. 

Answers: 

(a) 144 holes 
(b) d @ 0.00096 in, 


CHAPTER 2 


ELECTRONICS METHODS OF SCANNING AND 
REPRODUCTION 


Most of the early investigators of television systems quickly recognized 
the limitations of mechanical systems, both at the sending and at the re- 
ceiving ends. Development was begun on electronics scanning means in 
several laboratories, and a number of such workable scanners have emerged. 

2-1. Cathode-ray Tube. Before a detailed discussion of each type of 
scanner is given it should be pointed out that each of the scanners is some 
form of cathode-ray tube and that the cathode-ray tube as such deserves 
some study. 

The cathode-ray tube, a cross section of which is shown in Fig. 2-1, con- 
sists usually of a cylindrical glass section 1 sealed to a conical section 2, 


Fig. 2-1. Cross section of a cathode-ray tube employing both magnetic and electrostatic 
deflection systems. 


with the whole tube evacuated and sealed off. The electron gun, from 
which high-velocity negative particles of electricity emerge in a narrow 
pencil, is located in the cylindrical section. The gun consists of the in- 
directly heated oxide-coated cathode 3, the heater element 4, the grid 5 
which is a capped cylinder of metal with a small hole in the center of the 
cap through which the ray electrons pass, and the first anode 6 with ap- 
ertures. Following the gun are the second anode 7, which may be a sil- 
vered, graphite, or other conductive coating, and the fluorescent screen 8, 
made of some substance which will fluoresce when electrically charged 
particles impinge upon it. The above parts constitute the fundamental 
cathode-ray tube. 

The tube operates as follows. The electrons, which are emitted by the 
hot cathode, are given their initial acceleration by the positive voltage 

10 
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applied to the first anode, the negative terminal of which voltage is con- 
nected to the cathode. Under normal conditions, the lines of force extend 
through the control-grid aperture to the cathode, but if enough negative- 
bias voltage is applied to the control grid, a negative-potential barrier will 
exist that will prevent electrons from passing through the aperture. By 
controlling the bias voltage, the electron-beam current can be made to 
follow the bias potential in exactly the same way that the control grid of a 
conventional vacuum tube can be made to control its anode current. The 
electrons entering the first anode cylinder are prevented from spreading 
apart (as they would naturally tend to do by mutual repulsion) by the action 
of the lines of force of the electrostatic field between the properly shaped 
electrodes, which force the electrons of the beam to move toward the axis. 
This action is analogous to the focusing of light rays by means of optical 
lenses, and it is for this reason that this phenomenon has been given the 
name ‘“‘electron optics.’’! 


Contro/ First 
grid anode 


pyanan UR Wire ok Se 
conost Pett et ET) 


Optical equivalent 
Fic. 2-2. Electron optics of a cathode-ray tube and the optical equivalent. 


The electrostatic lenses, however, have a peculiarity in that their index 
of refraction for electrons is not confined to the boundary between optical 
media, as in optics, but varies throughout all the length of the electrostatic 
field. Also it is almost impossible to produce a simple single-electron lens; 
the field always forms a combination of positive and negative lenses. 
llowever, by proper arrangements of electrodes and potentials, it is always 
possible to produce a complex electrostatic lens that will be the equivalent 
of either a positive or a negative optical lens. The distribution of electro- 
static fields in the cathode-ray tube of Fig. 2-1 is shown in Fig. 2-2. In 
(his particular case, the total action of the fields on electrons is equivalent 
to a combination of four optical lenses, as shown in the same figure. 


''The student may be interested in reading Dr. V. K. Zworykin’s paper on electro- 
wtatic focusing in the Journal of the Franklin Institute, May, 1933, pp. 535-555. A less 
detailed reference by the same author appears in Television (RCA Institutes Technical 
Pros), Vol. 1, pp. 150-158, July, 10386, 
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The focused beam finally impinges on the fluorescent screen, and the ex- 
penditure of kinetic energy in the screen material causes the substance to 
glow either as fluorescence or as phosphorescence (afterglow), or a combina- 
tion of the two. 

Since the fields through which the beam travels possess axial symmetry 
along the major axis of the tube, the spot will show on the screen at its 
center unless acted upon by some nonaxially symmetrical electric or mag- 
netic force. Such a force will cause the beam to be deflected to a spot off 
the optical center. It is this effect in a cathode-ray tube that is made use 
of in oscillographic applications. For oscillographic use, the tube may be 
provided with metallic plates on either side of the beam path, as shown 
by item 9 in Fig. 2-1. The application of alternating voltage between the 
plates will cause the beam to be deflected back and forth across the screen 
in a straight line. In order to study wave shapes, another pair of plates is 
inserted in the tube at right angles to the first pair; and usually a saw-tooth 
voltage wave, whose fundamental period is some integral submultiple of the 
wave to be studied, is applied to these plates in order to give a trace on the 
screen in two dimensions. 

Alternatively the cathode beam may be deflected by magnets either 
electro or permanent, as shown by electromagnets 10 in Fig. 2-1. In order 
to obtain a two-dimensional trace, two such pairs of electromagnets are 
used with the pairs arranged with their axes at right angles to one another. 

2-2. Use of Simple Oscillograph Tube As a Scanner. The first and 
most simple of the electronic scanners is the cathode-ray oscilloscope tube. 


Cathode ray 
tube 


PE. cell 


To 
amplifier 


Fig. 2-8. Method of using a cathode-ray tube as a transmitter scanner of transparencies. 
Note the similarity of this method to that of contact printing in photography. 


An ordinary cathode-ray tube with a short-persistence screen is operated 
as a light source. A scanning field is caused to appear on the fluorescent 
screen by the application of horizontal and vertical deflecting voltages 
of the customary saw-tooth wave shape. The pattern produced on the 
screen is thus rectangular. The picture to be televised should be in the 
form of a photographic film. One simple method of transmission consists 
in placing the film against the end of the cathode-ray tube in intimate con- 
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tact with the glass surface. The film should be placed directly over the 
fluorescent area. Out in front of the tube is a photoelectric cell that picks 
up the fluorescent light with its variable intensity caused by the variable 
translucence of the film. The whole equipment is enclosed in a lighttight 
compartment to prevent stray light from affecting the. photoelectric cell, 
as shown in Fig. 2-3. 

Another way of using the cathode-ray tube as a scanner is to focus the 
fluorescent area on the surface of the film to be transmitted and to collect 
the light coming through the film by another lens system, with the film 
image on the photoelectric-cell cathode, as shown in Fig. 2-4. 


Short persistence 
screen cathode Film 


ray tube ~ Lens Lens 
= ee Sse Ore 


To 
amplifier 


Line 
frequency 
Fic. 2-4. Another method of using a cathode-ray tube as a transmitter scanner. This 
method permits sharper focusing of the flying-spot raster on the transparency. 


If it is desired to transmit motion pictures by means of this tube, a single 
fluorescent line may be used and the film may be pulled through the gate 
at a constant speed. The pull-through speed should be 24 frames per sec, 
and the frequency of the single horizontal saw-tooth line should be in 
cycles per second equal to the number of lines desired per frame multiplied 
by the number of frames per second. Thus if a 100-line picture is desired, 
the frequency of the horizontal saw-tooth voltage would be 


F, = 100 X 24 = 2,400 cps (2-1) 


The tube may be used as a flying-spot studio scanner in much the same 
way as the Nipkow disk scanner shown in Fig. 1-2. It cannot, of course, 
be used for outside pickups. 

The decay time of the phosphor used for this application is shown in 
lig. 2-5. The tube is known as the 5WP15. In cathode-ray-tube-type 
designations, the first figure represents the diameter to the nearest inch, 
the next letter or letters the serial number of that size tube type and the 
number following the P is the phosphor-type number. Thus the 5WP15 
is a 5-in.-diameter tube, and is the W’th (or something like the twenty-first 
kind of 5-in. tube registered with the RMA, Radio Manufacturers Associa- 
tion); the phosphor is type 15, a phosphor having a very rapid decay 
characteristic. The curve shown in Fig. 2-5 is the decay curve for the 
ultraviolet portion of the glow, A green-blue component has a decay 
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curve that requires 1.5 usec to die down to 30% of its initial value. When 
using the tube for high-definition television, the blue-green glow may be 
removed by a suitable light filter, leaving only the fast-decaying but highly 
actinic ultraviolet. 
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Fig. 2-5. Decay of afterglow for the P15 phosphor used in the 5WP15 cathode-ray tube. 


An examination of the curve in Fig. 2-5 reveals that the brightness is 
negligible in about 0.2 usec. This means that the brightness at the end of 
0.2 usec is in the order of 1% of the initial brightness. Using the tube as a 
scanner, therefore, it would afford good resolution of lines spaced apart 
0.2 usec in time, or which corresponds to a frequency of 


ee 1 
SOE ® DSO Salo 


= 2.5 Me (2-2) 


Even at 10 Mc, an appreciable output is obtainable, as illustrated in Fig. 2-6. 
The dashed lines represent ideal white bars extending up from zero. The 
solid line represents, approximately, the effect of tailing due to afterglow. 
The amplitude of the pulse, peak to peak, is still 70% of the ideal, but 
because of the sharp peak at the bottom, the RMS value is probably less 
than 50% of the RMS value of the ideal pulse. All decay curves are ex- 
ponentials or sums of exponentials. The curve for the ultraviolet compo- 
nent of the P15 phosphor is given by 


EB = hoe 20¢ (2-3) 
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where E = illumination after a time t 
E, = initial illumination 
t = time, in usec 
149 = time constant 

It is thus seen that this tube can be used quite successfully for modern- 
day 525-line television, which requires only 4.0 Mc upper frequency. 
The tube may be used for film scanning of transparencies, or “slides,” but 
it cannot be used for outdoor pickups. 


Intensity 


Microseconds 


iq. 2-6. Intensity of illumination vs. time for square waves of 0.5 usec duration 
applied to the grid of the P15 phosphor tube. 


2-3. Image Dissector. Another method of electronic scanning is the 
dissector tube. This tube was developed by P. J. Farnsworth, and is 
shown in Fig. 2-7. Essentially, the tube consists of a photoemissive 
cathode surface upon which the light image of the object to be scanned is 
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Fia. 2-7. Schematic diagram of the image dissector camera tube. 


focused. The electron emission from any point on the surface is propor- 
tional to the light intensity at that point. At the far end of the tube is a 
mosh target with voltage positive with respect to the cathode connected 
to it, This target serves to accelerate the photoelectrons toward it. 
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Surrounding the tube is a focusing coil that serves to reproduce the optical 
picture electrically in a region directly in front of the target in much the 
same manner that the electron microscope operates. In order to accom- 
plish scanning, vertical and horizontal saw-tooth magnetic deflection is 
used (not shown in the figure). A pickup anode, consisting of a wire sealed 
in a glass tube but exposed only at the tip near the center of the target, 
collects the photoelectric current for that part of the electrical image cor- 
responding to one picture element. When the deflecting fields are applied, 
the whole electrical image moves up and down and back and forth, corre- 
sponding to the sweeping fields, so that every picture element in the picture 
is caused to pass by the pickup point in regular succession, thereby giving 
in the output resistor the desired video signal current. The voltage drop 
across this resistor is amplified by the video-frequency amplifier in the usual 
way. 

In a modified and improved form of the dissector tube, called the “‘multi- 
pactor,”’ the pickup anode instead of being the final element within the tube 
becomes itself a cathode, which has the property of emitting several 
secondary electrons for every primary electron impinging upon this cathode. 
These secondary electrons are next guided to another such secondary 
emissive surface where the same thing is repeated; namely, an additional 
number of secondary electrons is released. This process is continued back 
and forth between electrodes, with the result that after about ten trips, 
the current has increased from 200 times to perhaps 10° times its original 
value. The amplification obtained depends upon the type of secondary- 
emission surface employed. Nickel is capable of releasing 1.7 secondary 
electrons for each primary electron. If, on the other hand, a cesium- 
coated cathode is the secondary-emissive surface, the maximum number of 
secondary electrons becomes six times the number of primary electrons. 
Ten trips would thus give an amplification of 6 = 60,000,000. It is 
reported that such an amplification has been obtained and measured. 
In order to realize the figures of 1.7 and 6.0, it is essential that the correct 
accelerating voltage be applied, for the graph of secondary emissiveness as 
a function of accelerating voltage has a peak in it that is fairly well defined. 
The voltage per step is usually in the order of 500 volts. 

The multipactor has within it an anode for collecting the final amplified 
current. This current is conducted through an external coupling resistor 
to develop useful video signal voltage. 

The advantages of the image dissector over the mechanical scanner are 
(1) there are no moving parts, except electrons, (2) the device does not 
occupy as much space as the large disk, (3) more accurate scanning is 
possible, because there is no delicate mechanical problem of making the 
holes correct to within 1/100,000 in., (4) greater efficiency is possible in 
that a stronger video signal freer from noise for an equal illumination of 
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the subject is produced, (5) with the dissector, the number of lines per 
frame can be controlled at will by merely changing oscillator sweep fre- 
quencies, and (6) the number of elements per second that may be resolved 
by the dissector greatly exceeds that of the mechanical scanner. 

2-4. The Iconoscope. Another form of electronic scanner is the icono- 
scope.!. This was developed by Dr. V. K. Zworykin, now with RCA, and 
formerly with the Westinghouse Electric and Manufacturing Company. 
A schematic of the tube is shown in Fig. 2-8. 


Mosaic, 
Object 


ae = 
—_— 
—— 
—_— 


jifafifafi 


Fic. 2-8. Schematic diagram of the iconoscope camera tube. 


The iconoscope has in one end of it an electron gun quite similar to that 
employed in ordinary cathode-ray tubes. The cathode ray or electron 
stream is directed to and focused upon a flat plate located in the other end 
of the tube. This plate has as its base an insulating material such as glass 
or mica, and the size of this plate is about 5 by 4in. The side of the plate 
away from the gun is coated with a continuous metal film. This is known 
as the “signal plate.’’ On the side of the insulating plate upon which the 
cathode beam impinges there is a special photoelectric surface made up of 
minute globules of metal. Each globule is insulated from all others, and 
each one is rendered photosensitive by the use of some such material as 
cesium. The signal plate is connected to an external load resistor and 
(hence to the anode. The video signal voltage appears across this resist- 
ance, and from this level may be amplified by vacuum-tube amplifiers 
designed for video-frequency amplification. 

A picture is televised in the following way: The optical image of the sub- 
ject to be televised is focused on the mosaic side of the mica plate. When 
light strikes the little globules, they emit electrons in number corresponding 
to the light intensity. Since each globule is insulated, the individual 


' Zworykin, V. K., The Teonoseope, a Modern Version of the Electric Hye, Proc, TRE, 
January, 1934, p, 16, 
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globules assume positive charges in proportion to the light intensity on each 
globule, so there now exists an electrical “‘image”’ on the plate in addition to 
the optical image. The electrical image is a charge distribution in which 
white corresponds to the highest positive charge, and black to no charge. 

The cathode ray is now caused to sweep across the mosaic horizontally 
and vertically in a regular scanning pattern. When the ray strikes a 
globule, the photoelectric charge flows off, and this sudden change in charge 
causes a flow of current through the signal-plate circuit and the external 
resistor to give the video signal already described. 

Actually the above description is modified by several factors. One of 
these is secondary emission, caused by the beam striking the globules. 
Another factor is that the beam not only discharges the globules, but 
actually reverses the charge and gives the globules a negative charge that 
in the dark amounts to about one volt. 

The big advantage of the iconoscope is its so-called “memory.” In 
comparing the iconoscope with mechanical scanners, it will be found that 
each element of the picture contributes to the output current for but 1/n 
parts of each frame for the mechanical scanner, where n is the number of 
elements; but in the iconoscope, since the element is exposed to light for a 
whole frame and is discharged but once per frame, the contribution of each 
element to the total current is unity. Therefore, it should be expected that 
n times as much current should be obtained from the iconoscope as from 
the mechanical scanner if the photosensitivity of the two photoelectric 
surfaces involved are alike. Actually only about 10% of this figure is 
realized, but this is still a very important increase when a large number of 
elements are to be transmitted. For instance, in a 525-line picture there are 


5257 X 4 
——— 


3 = 367,000 elements (2-4) 


The factor 4/3 is included to take into account the aspect ratio of the pic- 
ture, namely, four units horizontally by three units vertically. 

Assuming the 10% efficiency figure, the iconoscope will deliver, then, 
36,700 times the output current that the mechanical scanner does. The 
video voltage available depends upon the circuit capacitance, and since this 
is largely determined by the input capacity of the first amplifier tube, the 
signal-plate capacity, and the associated wiring, it may be expected that at 
least 20,000 times the signal voltage will be developed. It is realized at 
once that this gain is invaluable in obtaining a noise-free signal and that 
this accounts largely for the superiority of the iconoscope over the mechani- 
cal scanner. 

In addition to the above advantage of the iconoscope over the mechanical 
scanner, there are also the same advantages as obtained with the dissector 
tube over the mechanical scanner, such as (1) no moving parts, (2) smaller 
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space, (3) better accuracy, (4) flexibility in changing the ratio of line to 
frame frequency. 

It is not to be understood, however, that the iconoscope is a perfect 
device free from defects. One defect found in the iconoscope is the floating 
potential distribution on the mosaic because of a ‘“‘spray”’ effect, explained 
as follows. When the scanning ray strikes a given spot on the mosaic, 
a certain number of secondary electrons are dislodged. These secondary 
electrons are the ones that actually cause the current flow in the output 
circuit, for they are negatively charged bodies that are attracted by the 
second anode within the tube. Unfortunately not all of the secondary 
electrons reach the second anode. The reason for this is that the second 
anode is some distance away from the mosaic and the potential drop is 
only a volt or two. On the other hand, that region on the mosaic that has 
just been scanned is actually more positive than the second anode and is 
much closer to the source of secondary electrons than the second anode; 
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Pia. 2-9. (Left) Charge distribution on iconoscope mosaic when cathode-ray beam is 
near the top of the mosaic. (Right) Charge distribution on the mosaic when beam is 
near the bottom, or finish, of the vertical sweep. 


therefore, a “spray” of secondary electrons will fly to this area, which will 
tend to reduce the positive charge on the globules in that region and so 
give rise to a false video signals. It is seen that spray will go toward the 
spots most brightly illuminated and thus will tend to darken the reproduced 
picture in such areas. Also, if the mosaic is scanned downward, the area 
near the top of the mosaic will receive the lightest spray, because the area 
adjacent to and just below the scanning beam has had a whole frame in 
which to go negative, while at the bottom of the mosaic the area near the 
scanning beam has just been scanned and so is more positive and will at- 
tract secondary electrons in larger numbers. This results in an uneven spray 
that must be compensated for manually by the operator who introduces into 
the video signal channel a saw-tooth wave of voltage for ‘‘shading control,” 
as it is called. As explained before, variations in the light distribution in 
the picture being scanned also cause irregularities in shading and must be 
compensated for by the operator, in addition to the normal shading. A 
little horizontal shading may be necessary in some cases. Figure 2-9 


20 ._ TELEVISION PRINCIPLES [Src. 4 


illustrates the conditions on the mosaic when the beam is near the top and 
when it is near the bottom. A little study of this figure will reveal the 
differences of the two conditions. 

The output circuit of the iconoscope is very similar to that of any high- 
resistance tube or photoelectric cell and may be represented electrically 
in equivalence by the circuit of Fig. 2-10. 


Fic. 2-10. Equivalent circuit of the iconoscope signal plate and output circuit. 


The 5-megohm resistance corresponds to the plate resistance of the ordi- 
nary vacuum tube; ¢, corresponds to the usual ye, of the ordinary vacuum 
tube; the 20-uuf capacitor corresponds to the output capacitance of the 
ordinary vacuum tube; and the 10,000-ohm resistance corresponds to the 
load, or external, resistor also customarily used in vacuum-tube amplifiers. 

_ This resistor usually lies between 5,000 and 12,000 ohms, varying inversely 
with the upper frequency limit of the video signal in order to be not too 
high in comparison with the capacitive reactance of the 20-uuf capacitor so 
that excessive frequency equalization does not have to be resorted to. 

In operating the iconoscope several precautions must be observed in 
order to give good results. In the first place, the beam should be free 
from amplitude modulation, for a modulated beam current would cause a 
corresponding variation in the ultimate signal current. Fortunately this 
is not very serious when one considers that the beam velocity is 1,000 volts; 
therefore, a ripple voltage of considerable magnitude may be tolerated 
before the modulation shows up as an impairment in the picture. A 
reasonable amount of filtering in the supply voltages usually takes care of 
this condition. A far more serious action may take place if electrostatic 
voltage fields set up by the beam-deflecting magnets are permitted to reach 
the signal plate. In this case, the signal plate may take on such large 
voltage charges that the amplifier is overloaded by this voltage and the 
wanted signal voltage is lost in the background. This situation may be 
taken care of by properly shielding the connecting wires to the coils, by 
shielding the coils themselves, and by placing an electrostatic shield around 
the iconoscope neck near the point where the cylindrical section is joined 
to the larger section containing the signal plate. The shield extends across 
the whole compartment and really divides the iconoscope into two separate 
pieces except for the small hole left for the neck to pass through. The 
above precautions will enable pictures to be obtained, providing of course 
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that the signal plate be protected from external spurious fields by over-all 
electrostatic shielding. It is sometimes difficult to shield against strong 
radio-frequency fields if a powerful broadcast or long-wave transmitter is 
operating in the neighborhood; for the impedance of the signal plate to 
eround is high in this frequency region, because video frequencies extend 
up to 4,000,000 cps. 

Since the introduction of the iconoscope as described above, other ver- 
sions of it that merit description have appeared. Two types quite similar 
to the one described above are available,! depending upon the service for 
which they are intended. The iconoscope intended for motion-picture-film 
pickup is silver sensitized on the mosaic only, to prevent spurious signals 
owing to the rapidly changing illumination encountered in conventional 
movie projection when the walls of the tube are photosensitive. A different 
condition exists in studio use where illumination is continuous. The photo- 
sensitivity of the walls can be used to advantage in this case. A “bias” 
light of ““P-light,” so situated as to illuminate the walls (but not the mosaic), 
increases the sensitivity and signal output of the tube. This gain is 
pproximately 2 to 1 on a voltage basis. The explanation given is that the 
hias light produces photoemission from the walls, which gives rise to a more 
advantageous field for the collection at the second anode of electrons 
emitted by the mosaic. Thus there are movie pickup iconoscopes and 
direct pickup iconoscopes. : 

A type of iconoscope which has been given the name “Superemitron”’ 
hy the British is capable of giving six to ten times the voltage sensitivity of 
(he standard iconoscope. In this country, it is called the “image icono- 
seope.’? This iconoscope obtains its high sensitivity by making use of an 
electron image of the scene to be transmitted projected onto a scanned 
mosaic. This method permits more efficient and better photocathodes 
and also secondary-emission intensification at the mosaic. The photo- 
euthode is placed very close to the wall of the tube and is translucent. 
‘’his photocathode is made by evaporating silver on a transparent surface, 
oxidizing, treating with cesium, and evaporating more silver. The optical 
system focuses an image through the plate onto this cathode, giving rise 
io photoemission. The photoelectronic image thus set up is focused either 
ly electrostatic or electromagnetic fields onto a mosaic similar to the stand- 
urd iconoscope mosaic. Scanning of the mosaic by the cathode-ray beam 
js (hen earried out in the usual manner. Since the photocathode may be 
joented near the tube envelope, lenses of short focal lengths may be used. 
‘hin means that for the same f rating of the lens, the lens aperture may be 


\ Janos, R. B., and W. FH. Hickok, Recent Improvements in the Design and Character- 
jwliow of the Teonoseope, Proc. IRE, Vol. 27, No. 9, p. 585, September, 1939. 
lama, H., G. A. Morton, and V, K. Zworykin, The Image Iconoscope, Proc. IRE, 
Vol. 27, No. 9, p. 541, September, 19389. 
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reduced. This results in a greater depth of focus and hence contributes to 
improved studio pictures. 

9-5. Orthicon. Another type of electronic scanner known as the 
‘“orthicon” was developed about 1939.1 This tube is designed along the 
lines of the standard iconoscope except that the cathode-ray beam velocity 
instead of being 1,000 volts is but 25 volts. This tube has been found to 
have (1) a low level of spurious signals, (2) high maximum signal output, 
and (3) high efficiency of conversion of light into signal. The principal 
problems encountered in the development of the tube were (1) ways to 
keep the low-velocity beam in focus and (2) ways to obtain undistorted 
scanning of the photosensitive target. Briefly, the results obtamed were 
as outlined above in that (1) practically no “shading” compensation is 
needed, (2) outputs several times the standard iconoscope output were 
obtained, and (3) measured efficiencies of 71% of a theoretical maximum 
of 100% were obtained as compared to 5% to 10% for the standard icono- 
scope. The orthicon was placed in regular service in September, 1939, and 
was used for outside pickup in one of the NBC cameras attached to the 
mobile unit. Actual experience with the orthicon, however, disclosed a 
defect in the orthicon that was so serious that ultimately its use has had 
to be abandoned. Any excessive light, such as the light from a photog- 
rapher’s flash-bulb, would cause a paralysis of the mosaic that showed up 
as a large white area on the reproduced picture which would slowly shrink 
to nothing but not before the lapse of from 15 sec to a minute in time. 

The resolution of the iconoscope and orthicon is at present limited by 
the spot size and not by the coarseness of the mosaic structure, because 
even for 525-line pictures many hundred little silver globules lie in the 
region covered by the cathode-ray-beam spot. The spot size may be re- 
duced by further refinements in the electron gun if the time comes when this 
is the limiting factor in providing a television system of higher definition 
than the present 525-line system. At present the limiting factors to higher 
definition lie outside the camera, principal among which are such economic 
factors as (1) increased cost of receivers having wider bandwidths, (2) lack 
of an adequate frequency band of sufficient width to set up a nationwide 
system, (3) inability to construct high-power wide-band transmitters at a 
reasonable cost figure, and (4) the increased cost of providing chain pro- 
grams having very wide frequency bands because of the relay costs. 

2-6. The Image Orthicon. The last of the electronic scanners to be 
described is the image orthicon,? a product of wartime development. The 
tube incorporates the principles of low-velocity electron-beam scanning, 


1 Rose, A., and H. Iams, Television Pick-up Tubes Using Low-velocity Electron- 
beam Seanning, Proc. IRE, Vol. 27, No. 9, p. 547, September, 1939. 

2 Rose, A., P. K. Weimer, and H. B. Law, The Image Orthicon—A Sensitive Tele- 
vision Pick-up Tube, Proc. IRE, Vol. 84, No. 7, p. 424, July, 1946. 
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electron-image multiplication, and signal multiplication. It closely ap- 
proaches the theoretical limit of pickup tube sensitivity and is actually 100 
to 1,000 times as sensitive as the iconoscope or orthicon. It can transmit 
pictures with a limiting resolution of over 500 lines, and, if properly proc- 
essed, is relatively free from spurious signals. At low light intensities, the 
signal increases linearly with light input; at high light intensities, the signal 
output is substantially independent of light input. Unlike the orthicon, 
the tube is completely stable at all light levels. The signal output is suffi- 
ciently high to make operation of the tube insensitive to many of the pre- 
amplifier characteristics that are normally considered significant. Figure 
2-11 shows the contruction of the tube. 
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Fic. 2-11. Schematic diagram of the image orthicon camera tube. 


The scene to be transmitted is focused on the semitransparent photo- 
cathode. Photoelectrons are released in direct proportion to the brightness 
and are accelerated to the target by a uniform electric field; they are focused 
on the target by a uniform magnetic field parallel to the axis. The paths 
of the photoelectrons are straight lines parallel to the axis, giving the 
electron image unity magnification. 

The photoelectrons strike the target at about 300 volts, at which potential 
(he secondary-emission ratio is greater than unity. Because more second- 
ary electrons are emitted than there are incident primary electrons, a 
positive-charge pattern is formed on the target, the highlights corresponding 
(o the more positive areas. The secondaries are collected by the fine-mesh 
turget screen. 

At the same time that a charge pattern is being formed on one side of the 
(arget, a beam of electrons scans the opposite side. The scanning beam is 
of the low-velocity type already described for the orthicon. It starts at 
(he thermionic cathode of the electron gun at zero potential and is acceler- 
ated by the gun to about 100 volts. From the gun to the target, the beam 
in in an approximately uniform magnetic focusing field. As the beam of 
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electrons approaches the target, the electrons are decelerated again to zero 
volts. If there is no positive charge on the target, all the electrons are re- 
flected and start to return toward the gun along their initial paths. If 
there is a positive-charge pattern on the target, the beam electrons are 
deposited in sufficient numbers to neutralize the positive charges; the 
remaining electrons are reflected. In this way a stream of electrons, 
amplitude-modulated by the charge pattern, is started on its way back 
toward the gun. 

The return beam actually arrives at the gun very near the defining aper- 
* ture from whence it had emerged. An electron beam will follow closely 
the lines of a magnetic field under the following conditions: (1) that the 
beam is initially directed along the magnetic lines, (2) that the beam 
velocity in volts does not greatly exceed the magnetic field strength in 
gausses, (3) that electric fields transverse to the magnetic field are small 
or absent, and (4) that the magnetic lines do not bend sharply. These 
conditions are approximately fulfilled in the image orthicon. The beam 
velocity in volts and magnetic field strength in gausses are each in the 
neighborhood of 100. The only prominent electric field is near the target 
and parallel to the magnetic field. The bends in the magnetic field caused 
by the transverse fields of the deflecting coils are well tapered. 

The return beam accordingly strikes the gun in an area around the defin- 
ing aperture, which is small compared with the defining aperture disk but 
large compared with the defining aperture itself. Also, the return beam 
strikes this surface at about 200 volts and generates a larger number of 
secondary electrons than were incident primary electrons. In short, the 
defining aperture disk is also the first stage of an electron multiplier. 
Succeeding stages of the multiplier are arranged symmetrically around and 
back of the first stage. Meantime, the secondary electrons are drawn 
from the first stage by suitable electric fields into the succeeding stages. 
The number of stages need not be large to exhaust the useful gain of the 
multiplier. In its present form the image orthicon uses five stages of 
electron multiplication. 

The output current from the final stage of the multiplier is fed into a 
wide-band television amplifier in the usual manner. Because this output 
current is already at a high level, the required gain of the amplifier is small 
compared with that of the iconoscope or the orthicon. 

2-6.1. The Two-sided Target. The two-sided target in the image 
orthicon deserves attention because of the ingenious way in which it is 
designed and constructed. It had been long recognized that a two-sided 
target would offer decided advantages over the single-sided target of the 
iconoscope because of the separation of the charging and discharging proc- 
esses so that sensitizing procedures and electric fields appropriate to each 
may be incorporated in the tube without mutual interference. A two- 
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sided target must conduct between its two surfaces but not along either sur- 
face. It should also have a conducting element nearby to act as the com- 
mon capacitor plate for the separate picture elements. 

The two-sided target of the image orthicon is exceedingly simple and 
capable of a high degree of uniformity. It is a thin sheet of low-resistivity 
glass. The resistivity is chosen low enough so that charges deposited on 
opposite sides of the glass are neutralized by conduction in a frame time 
(40 sec). It is chosen thin enough so that these same charges do not 
spread laterally in a frame time to impair the resolution of the charge 
pattern. Thicknesses of 5 to 10 wavelengths of light have been found 
satisfactory (0.0001 to 0.0002 in.). 

The thin sheet of glass is mounted under tension between metal rings. 
‘The gauzelike screen is mounted about 0.002 in. from the photocathode 
side of the glass disk. Since the wires of the gauze cast shadows on the 
lass, only by going to extremely fine mesh would an acceptable picture be 
produced. A technique had to be developed for making this screen, and 
finally a grating of 500 to 1,000 lines per in. was obtained, having open areas 
of between 50% and 75%; the accuracy was equal to that of a ruled optical 
grating. The purpose of the screen, as already pointed out, is to collect the 
secondaries from the charge pattern on the ‘‘picture”’ side of the two-sided 
lurget so as to leave a relatively strongly charged positive potential pattern 
on the target. 

2-6.2. The Electron Multiplier. The electron multiplier has been used 
successfully in several photoelectric devices. Briefly it consists of several 
slages of secondary-emission amplification in which, stage by stage, a small 
initial number of primary electrons strike a target with sufficient velocity to 
dislodge more secondaries than incident primaries. These secondaries, in 
(urn, are directed to the target of the next stage where the same process is 
repeated, etc., until a really sizeable current is obtained. 

In the image orthicon a ‘‘pinwheel”’ type of multiplier is employed. The 
olliciency is in the order of 80% to 90%; 7.e., 80% to 90% of the dislodged 
secondaries from the target of a given stage reached the next target instead 
of being attracted back to the originating target.- Total gains of 200 to 
400 are readily obtainable for the five-stage multiplier. 

2-6.3. Performance. The over-all resolution of the image orthicon is 
wullicient to resolve 500 lines per in., which means about 400 or so lines for a 
elevision picture; while this is less than the resolving power of the icono- 
seope, other advantages of the image orthicon have led to its wide applica- 
{ion in almost all fields of pickup, including studio work. 

‘The most astounding attribute of the image orthicon is its high sensi- 
tivity. For example, in one test a 35-mm camera equipped with Super XX 
film and an f/2 lens was compared to the image orthicon, which also had 
an f/2 lens, The exposure time was set at 40 see for both devices. Be- 
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ginning at a brightness level of 2 ft-lamberts, pictures were obtained with 
both devices. At 0.2 ft-lambert, only the picture reproduced by the 
television camera was present. Even at 0.02 ft-lambert, a picture was still 
being transmitted by the camera, although ‘““noise’’ obviously was almost 
equal to the signal (0.02 ft-lambert is the brightness of a white surface 
exposed to full moonlight). 

2-7. The Receiver Picture Tube. Electronic means of recreating the 
transmitted picture at the receiver began to displace the rotating disk and 
neon lamp at a date somewhat prior to the time the iconoscope was de- 
veloped to the point where it replaced the scanning disk at the transmitter. 

The electronic means now almost universally employed in reception is 
the cathode-ray oscillograph tube modified to meet the special requirements 
of television. The tube contains all of the fundamental elements of the 
oscillograph tube. Beginning at the base end of the neck, there is an 
indirectly heated cathode emitter. Next there is a gun of special construc- 
tion, which provides the beam-forming function and which contains a grid 
for controlling the beam current and hence the brilliancy of the fluorescent 
spot. Following the gun there is a focusing cylinder in electrostatically 
focused tubes (such as in projection-type tubes) ; other types may employ 
external magnetic focusing. Following the focusing means, one next finds 
the beam-deflecting system, which again may be internal deflecting plates 
in electrostatic-deflection-type tubes or external magnetic coils (called a 
“‘yoke”) for magnetic-deflection-type tubes. The second anode gives the 
final acceleration to the beam electrons that strike the broad end of the 
tube on which the fluorescent material (called the “phosphor’’) has been 
deposited and cause fluorescence and a trace of phosphorescence. The 
phosphor fluoresces for the time the cathode ray strikes it and phosphoresces 
for a short time after the cathode-ray excitation has been removed. 

In order for the tube to be satisfactory for television the phosphor must 
meet certain requirements. In the first place the color of the light must be 
essentially “white” and not some off-white color such as pink, sepia, or 
green; a tendency toward blue is often desirable, however, since blue-white 
is indicative of a higher temperature than, for instance, red-white. In the 
second place the phosphor should not possess appreciable phosphorescence 
beyond the time for one complete picture scansion. According to FCC 
standards, this time is 449 sec. The persistence curve for a typical medium- 
persistence phosphor is shown in Fig. 2-12. 

When the control-grid voltage is fixed, the screen is uniformly luminous 
in the shape of a rectangle four units wide and three units high. The ratio 
of 4:3 is known as the “‘aspect ratio” and conforms to FCC standards. 
This ratio was adopted to. conform with the aspect ratio of present-day 
talking motion-picture film of the standard 35-mm size. 

If now the control-grid voltage is allowed to vary by the superimposition 
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of the video signal on the normal bias, the neutral background becomes 
brighter for positive instantaneous grid voltages and darker for negative 
instantaneous grid voltages. When the deflecting voltages are synchro- 
nous and in phase with the deflecting voltages of the transmitting camera 
tube, an exact reproduction of the original picture is obtained. 
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lia, 2-12. Decay characteristic of the afterglow for a medium persistence phosphor 
suitable for television receiver picture tubes. 


It, is seen that the receiving cathode-ray tube must meet special require- 
ments not necessary for simple cathode-ray tubes used in oscillographic 
work. In the first place, the spot size should remain substantially uniform 
in diameter, regardless of the control-grid voltage. This requirement ‘is 
necessary in order that the element size remain the same for all brilliancies. 
In Wig. 2-13 the curve line shows how the line width varies with control- 
yrid voltage in a practical television cathode-ray tube.! 

A second special requirement is that the spot shall remain the same size 
regardless of the spot position on the screen. This requirement is necessary 
in order that all picture elements be the same size, to produce a uniformly 
hulanced picture. Both of these requirements can be met by a careful 
design of the gun and by the use of magnetic-deflection means. Electro- 
slutic-deflection means tend to defocus the beam much more than magnetic- 
deflection means. <A third requirement of the television tube is that the 


' Television (RCA Tnatitutes Technical Press), Vol, I, p. 845, July, 1936, 


28 TELEVISION PRINCIPLES [Szc. 7 


spot size shall be approximately one line width in diameter. This is neces- 
sary to prevent a blurred image caused by the overlapping of reproduced 
lines when the spot size is too great and to prevent the lines from being seen 
individually with dark space between lines caused by a spot size too small. 


3 3 
“I 
a 
g 
&2 a | 
z € 
8 £ 
< “= 
ss BS] 
= Fs 
oO 
= @ 
= eed 
2 4 
¢ 


So -30 -20 -10 ie) 
Control grid volts 
Fic. 2-13. Cathode-ray-tube spot size and light output as a function of control-grid 
voltage. 


This again is a question of gun design with special attention to the elec- 
trical “lens” system and to a general tube design for the correct second- 
anode accelerating voltage, for it is well known that the spot size decreases 
as the second-anode voltage is increased. A further requirement in this 
same connection is that the spot should be sharply defined. An ideal spot 
would be one of uniform intensity from the center to the circumference, 
at which point the intensity should fall abruptly to zero. The actual varia-_ 
tion! in intensity is shown in Fig. 2-14. This represents a fairly good spot, 
since the intensity holds up to at least 50% of maximum for about 65% of 
the distance from the center outward and then falls off rather steeply to 
zero in the remaining 35% of the distance. 

A further requirement of the tube is that the illumination should be inde- 
pendent of ripple voltage in order that dark bands will not show up in the 
picture. This requirement is met by making sure that the heater ae 
voltage is not allowed to affect the cathode emission in synchronism with 
the a-c voltage nor allowed to control the cathode stream by electromagneti¢ 
or electrostatic action. Supply voltages for the control-grid bias, acceler- 
ating anode, focusing cylinder (or electromagnet), main anode, etc., must be 
adequately filtered to prevent an intensity-modulated cathode-ray beam, 


1 Television (RCA Institutes Technical Press), Vol. T, p. 155, July, 1986. 
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A last requirement of the tube is that the brilliance of the spot vary ina linear 
manner with the control-grid voltage so that the picture has an even degree 
of contrast. A very curved characteristic will give a picture with excessive 
contrast at one extreme of illumination, usually the high end. In such a 
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lic. 2-14. Relative intensity of the illumination from a single spot as a function of the 
position across the spot. A perfect spot would have rectangular distribution, or equal 
illumination at any point on the spot from one edge to the other. 


picture the blacks would be washed out with poor detail in shadows. A 
suturated type of curve, on the other hand, would give excessive black con- 
(rast with washed-out whites. Again it is a question of gun design to obtain 
us nearly a linear relationship as is possible. The variation of light with 
control-grid voltage is shown in Fig. 2-13. This curve is not quite linear 
lit follows a power law similar to that found in the relationship between 
(he plate current and the plate voltage of a diode. This is approximately a 
(hree-halves-power relationship of the form 


tp = key* (2-5) 
where kK = a constant 
That the illumination is proportional to the current is seen upon examin- 


ing the equation stating this relationship,! which is 
P = AI(V — V.) 


' Television (RCA Institutes Technical Press), Vol, 11, p. 809, October, 1987. 
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where P = candle power 
A = constant (for the screen material) 


I = beam current 
V = applied voltage between second anode and cathode 
V. = extrapolated minimum exciting voltage to cause screen to glow 
Substituting Eq. (2-5) for I in Eq. (2-6) gives 
P = kAep4#(V — Vo) (2-7) 
It should be noted that in a three-electrode tube the diode voltage ep 
should be replaced by the proper combination of control-grid and plate 
voltage. This is known to be 
r (2-8) 
Cp = m7 ate E c 


where E, = control-grid bias measured from zero 
uw = equivalent amplification factor 
Substituting Eq. (2-8) in Eq. (2-7) for ep gives 


P=kA & az B) WV — Vo) (2-9) 


A set of characteristic curves for the 3BP1-A type cathode-ray tube is 
shown in Fig. 2-15. This shows the relationship between 7», the current 
to the second anode, and E,., the ae voltage, for two specified 

- oltages of 1,500 and 2,000 volts. 
arin pice: the second-anode current is almost independent 
of the second-anode voltage but is dependent principally on the control 
grid and the first-anode voltages. For example, the second-anode current 
for the 7BP7-A tetrode-type cathode-ray tube follows the same curve for 
any second-anode voltage in the range from 4,000 to 8,000 volts, providing 
the first-anode voltage is kept constant at 250 volts. The curve is then 
practically the same as the V = 1,500 curve of Fig. 2-15, having anode 
current cutoff at HE, = — 40 and having an anode current of a little over 
t E, = 0. 

ry Sanectiint of Fig. 2-15 shows that 7, = 0, where EZ, = — 60 and 
V = 2,000. Hence from Eq. (2-8) 


9 = 2:000 _ 6 
“ 
or 
2,000 . 
a ee ee OES (2-10) 
ear Fai 


Consequently the amplification factor of the 3BP1-A tube near cutoff is 
33.3. This value for » applies only at cutoff. As in the case of triode am- 
plifier tubes, the amplification factor increases with increased plate current. 

Curves of the three-halves exponent are not so far from straight lines as 
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to give serious distortion, especially when the average working point is not 
near the zero plate-current region, and have been found satisfactory for 
television purposes. 

When a tube is placed in a television receiver, it must be in such a posi- 
tion and the viewer so protected that accidental breakage of the tube shall 
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Mia, 2-15. Cathode-ray tube second-anode current as a function of control-grid voltage. 
The gun is of the triode type because the second-anode current is seen to be a function 
of the second-anode voltage as well as of the control-grid voltage. In cathode-ray 
lubes of the tetrode type the second-anode current is but little affected by the second- 
anode voltage as long as the voltage is well in excess of the first-anode voltage. 


not in any way harm the user of the receiver. The pressure on the screen 
end of the tube may be very high, for the pressure per square inch is 15 |b, 
or atmospheric pressure. Thus a 12-in. tube, having a face area of rr? = 
n° = 113 sq in., would have a pressure of 113 X 15 = 1,700 lb, or nearly 
u ton. The usual practice in mounting these tubes is to place a sheet of 
shatterproof glass in front of the tube face. 

2-8. The Projection Tube. For picture sizes up to about 12 by 16 in. 
in size, “direct-view” tubes have proved to be the most popular. The 
viewer looks directly at the tube face without magnification by projection. 
If larger pictures are desired, a projection-type tube is employed." 2 

‘Zworykin and Painter, Projection Kinescope, Proc. IRE, Vol. 25, No. 8, p. 937, 
August, 1937, 


*Rinia, de Gier, and van Alphen, Home Projection Television, Proc. TRE, Vol. 36, 
No, 8, p, 895, March, 1948, 
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The tube resembles the ordinary cathode-ray picture tube in appearance 
but is designed to give a much higher light output per square inch. The 
direct-view tube may operate with highlight brightnesses of 15 to 60 ft-lam- 
berts, whereas the projection tube operates with highlight brightnesses in 
the order of 500 to 2,000 ft-lamberts. In enlarging the image n times in 
linear magnification, assuming an ideal optical system, the final image bright- 
ness is reduced by a factor equal to the square of n. Thusa 5-in. tube, having 
a raster area of 3 by 4 in., if projected to a size 15 by 20 in., would have 
fivefold linear magnification, or a 25 to 1 reduction in highlight brightness. 
The actual reduction is greater than 25 to 1 because of the limitations of 
practical optical systems. The greatest single factor is the f rating of the 
optical system. The efficiency varies approximately inversely with the 
square of this number. The exact equation of the f efficiency is 


1 
1+ 47 


Thus an optical system with an f rating of 0.5, z.c., ratio of focal length to 
diameter of 0.5, would have an efficiency of 


5 fq = | 5 2- 
eee ev 


Eff = 


(2-11) 


Additional losses in light occur because of masking, reflection, and absorp- 
tion, which causes add up to about another 0.4 factor, yielding an over-all 
efficiency factor of 0.5 X 0.4 = 0.2. These added losses may be regarded 
as an increase in the f rating of the system so that instead of the expected 
f/0.5, the figure realized is f/1. Thus the fivefold linearly magnified pic- 
ture would have a brightness of only 0.2/25 = 0.008 times the original, and 
hence the original 1,000-ft-lambert picture would be reduced to something 
like 8 ft-lamberts. This picture may be made to appear brighter by the use 
of a directive projection screen at a sacrifice of vertical and/or horizontal 
angles of view. By such means it is practical to pick up as much as a 
fourfold increase in apparent brightness, yielding an on-axis brightness, in 
the example cited, of some 32 ft-lamberts. 

Either refractive or reflective optical systems may be used. With the 
present knowledge of lens structures and known glass, a refractive system 
is limited to about f/1.2, whereas an f rating of 0.5 may be realized with 
reflective optics. A modified Schmidt reflective optical system is most 
frequently used in commercial equipment available on the market. Figure 
2-16 shows two designs being used at present. The first system shown at: 
A is perhaps the more familiar. It consists of a picture tube having a face 
ground to the curvature of the optical field at the focal plane of the large 
spherical mirror. The mirror projects the picture onto a projection screen 
of the ground-glass type to be viewed from the opposite side, A correction 
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plate is interposed between the mirror and screen to correct for spherical 
aberration and the finite throw, which would ordinarily call for an elliptical 
surface rather than a spherical or parabolic surface. The correction plate 
thus consists of a combination planoconvex and an aspheric surface, which 


ts ala Projection 
screen 
¥ , 45° plane , 45° plane 
% '! a mirror , "mirror 
/ 


/ Correction 
/ ‘ plate 
Pp 
/ 
/ 
/ 
/ 
/ * 
fee Spherical Py 
y J / mirror 45°plane 
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nny Spherical 
mirror 
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Mia. 2-16. Two methods of arranging the Schmidt optical system for projection tele- 
vision. The essential parts are the cathode-ray tube, the concave mirror, the correction 
plate, and the projection screen. 


results in another single aspheric surface. The correction plate is com- 
monly molded from a transparent plastic such as lucite. The 45° mirror is 
, plane mirror, which is employed solely for the purpose of bending the 
tuys 90° into a position more favorable for viewing and assembling the 
system into a’cabinet having pleasing proportions and dimensions. 

System B employs all of the components of system A and in addition 
employs a perforated 45° plane mirror through which the tube protrudes. 
In this system the sweep yoke, etc., mounted on the tube neck are out of 
(he optical paths; hence masking, which might otherwise occur, is reduced. 

‘lhe second-anode voltages commonly employed for projection tubes are 
in the order of 20,000 to 30,000 volts, although voltages as high as 85,000 
volts may be used for large-screen theatre projection systems. Since 
\ rays may be produced by voltages in excess of 20,000, each design should 
he checked for X-ray radiation and appropriate measures taken to protect 
the operator from any harmful effects. 
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PROBLEMS 


2-1. (a) The sweep sensitivity of a small cathode-ray picture tube averages 0.25 mm 
per volt, when the second-anode voltage is 3,000 volts. This means that a peak-to-peak 
voltage of 1 volt on the deflecting plates will cause the spot to move 0.25 mm. If the 
picture tube has a diameter of 7 in. and the picture is rectangular, with round corners, 
the corners having a radius of 1 in., and if the ratio of picture height to width is 0.75, and 
the circles are tangent to a 7-in. diameter circle, what peak-to-peak voltage must be 
developed between horizontal plates to give the specified picture size? 

(b) If the acuity of the average human eye is 1 min, i.e., it can separate lines on a 
screen providing the angle between the centers of adjacent lines as measured from the 
observer’s eye is not less than 1 min (60 min = 1°), what distance should the observer 
stand from a television screen having a diameter D and a picture height 0.6D if he wighes 
to be just far enough away to cause the line structure to be not noticeable? Assuming 
500 lines to the picture, how far would this be for the following size tubes: D = 7 in., 
D = 10in., D = 12in., D = 15in., D = 16in., D = 20 in,; also for a projection picture 
18 in. high? 

Answers: 

(a) 633 volts peak to peak 
(b) S = 4.13D inches; 28.9 in.; 41.3 in.; 49.5 in.; 61.9 in.; 66 in.; 82.6 in.; 124 in. 

2-2. Prove without the use of calculus, i.e., by geometry, that the depth of focus of a 
camera lens is dependent upon the lens diameter only, 7.¢., it is independent of its focal 
length or F rating as long as the diameter is kept constant. 

In order to have a common notation in the students’ solutions, use the following 


diagram as a basis. 


An object, a point, located at P,, is focused on a film placed in the plane AB. Another 
point P2 will be focused back of the film at point P; and will produce a blur on the film 
with a diameter d. Show (approximately) that 

d _ pX&-X) 
mm ame 3 


where m = magnifying power f/X 
f = focal length of the lens 

2-8. (a) What is the mutual conductance of the 3BPI—A cathode-ray tube shown in 
Fig. 2-15 at a plate current of 500 ya? 

(b) What is the plate resistance of this tube at 500 na plate current? 

(c) What size picture is required on the end of a cathode-ray projection tube if the 
projected picture measures 18 by 24 in., the distance fromthe lens to the projection 
sereen is 44 in., and the focal length of the lens is 7 in.? 

Answers: : 

(a) Approximately 50 »mhos 
(b) Approximately 1 megohm 
(c) 3.41 by 4,63 in, 


CHAPTER 3 
VIDEO-FREQUENCY AMPLIFIERS 


3-1. Video-frequency Range. The weak currents obtained from the 
iconoscope or camera tube of the transmitter pickup device must be ampli- 
fied before they can be utilized to modulate the radio-frequency carrier of 
the radio transmitter; likewise, the small video voltage at the output of the 
receiver second detector must be amplified considerably before being of 
mut ficient amplitude to operate properly the control grid of the picture tube 
Such amplifiers are known as ‘‘video-frequency amplifiers.” The video 
frequency amplifier must meet at least three special requirements: (1) the 
lrequency response characteristic must be reasonably flat or uniform over 
the band of frequencies to be amplified, (2) the time delay must not var 
appreciably over the frequency band, and (3) the internal noise of he 
umplifier must be reduced to a minimum. 

The amplifier should amplify all of the frequencies developed by the 
jeunning system if the reproduced picture is to have all the detail that the 
seunning means is capable of producing. The lowest frequency will be 
the frequency corresponding to the time required to go from the top of the 
picture to the bottom of the picture. According to the FCC standards 
this is *60 sec. The minimum frequency is thus 60 cps. The upper i 
quency limit is not so well defined. If the value selected corresponds to 
\he bandwidth provided in a single television channel, the upper limit is 
1,000,000 eps. If the limit is determined by a particular camera tube 
liwving an oversized scanning spot, the frequency limit may be much less 
than 4 Me. Another way of determining the upper frequency limit is 
obt ined by considering the picture detail to be equal in the horizontal and 
vertical directions and to calculate what upper limit is required to just 
tneet this condition. It is seen then that the upper frequency limit may 
~ obtained from the time required to transmit two picture elements one 
“leoment being white and the other one black. The reason for this is that 
\he greatest detail that may be reproduced with equal definition in both 
‘he horizontal and vertical directions corresponds to a checkerboard 
pattern made up of alternating black and white squares, with the width 
vf each square equal to one line width, which corresponds to the ultimate 
in vertical definition, One black and one white square thus correspond to 
) positive and negative half-eycle of alternating current, or one cycle cor- 
roponds to two blocks, Thus, in a noninterlaced 120-line picture of 24 

nil) 
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frames per sec and with an aspect ratio of 4:3, the upper frequency limit 
will be 


_ NFR 1202(24) (1.33) 
- =~ 2 


‘1 5 = 230,000 eps (3-1) 


where N = number of lines 
F, = frame frequency 
R = aspect ratio 
N?R = number of picture elements (both black and white) 

The present FCC standards call for 525 lines, with alternate lines inter- 
laced. The time required to scan the picture once completely is 40 sec. 
This is known as the “frame” frequency. The time to go from the top 
to the bottom with half the lines is known as the “field” frequency. Thus 
the frame frequency is 30 cps, while the field frequency is 60 cps. The 
upper frequency limit is thus seen to be 

2 5 2 
foie ; pee GOL) = 5,510,000 eps (3-2) 

This may be modified downward slightly because the average vertical 
resolution is worse than the average horizontal resolution. It has been 
determined that the above frequency may be scaled down to approxi- 
mately 64% of the value given by Eq. (3-2). The equation for the upper 
frequency limit thus is Eq. (3-2) modified by a factor k where k is the factor 


for equal average resolution in both directions. Thus 
N?°-F\Rk 
f = 5 (3-3) 


Hence, in FCC case, the upper limit becomes 


2 ; 
ae 525 (30) .38)(0.8 {) = 3,530,000 eps (3-4) 


Thus by transmitting up to 4,000,000 cps, on the average, the horizontal 
definition will average slightly better than the vertical. 

In order to amplify all frequencies uniformly in the range from 60 t 
4,000,000 cps, the amplifier must be especially designed to avoid the de 
rimental effects of vacuum-tube input and output capacitances to grouni 
and circuit capacitances to ground from by-passing or shunting the highe 
frequencies and causing these frequencies to be amplified less than t 
lowest frequencies. 

There are several forms of compensating circuits available to the designer 
These will be studied for the two general cases of two-terminal networ 
and four-terminal networks. 

3-2. Two-terminal Networks. A two-terminal network is one in whie 
the input and output terminals are common, The network is connect 
between these terminals. For example, in Mig. 3-1 the nature of th 
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impedance Z will determine the frequency response of the amplifier. Z is 
connected between the two terminals A and B, across which is also con- 
nected the input tube’s output and the output tube’s input. In this 


Fic. 3-1. Generalized two-terminal coupling network of impedance Z. 


diagram it is assumed that C, and R» have negligible effects in the band of 
frequencies under consideration. 

1 he objective is to choose Z so as to provide the greatest possible uniform 
gain over a specified band of frequencies. The simplest form that Z may 


z——» “C, R, 


liq, 8-2. The most simple structure for the network Z i i 
aple , of Fig. 3-1 is that of a single resist- 
nce 2, shunted by the incidental capacitance of the tubes and wiring weeaaian by Ci 


take is that of a resistance R; in shunt with a condenser C,, as shown in 
lig. 3-2. In this case, Ci represents the sum of the input Gihie’s output 
capacitance, the output tube’s input capacitance, and the stray capaci- 
(unce of the wiring to ground. 

‘The impedance is solved for as 


gy = a iR/ws) _ 1 
Ri — (j/wCs) ~ (1/R) + jos 
1 


Z tan — wC\R, (38-5) 


V(1/RY) + wy? 
\n inspection of Eq. (3-5) reveals that there is really no region of uniform 
umplitude response, because of the w?C;? term in the denominator. How- 
ever, if wC) is small compared to 1/Ri, its effect is small. If it be assumed 
(hat the useful band extends up to a frequency where 1/R, = wC and 
(hut this frequency is w2/27, then R; may be solved for as 


— = wal or R, = — — 
and * me sas a 


(3-7) 
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Substituting Eq. (8-6) in Eq. (8-5), 

u Z tan7! — ol = feel eee 
2 ) 


© V 0920? + wl 
1 bret i 
8 ee (38-8) 
2nCiV fe +f? fe 
The phase angle tan— (—f/f2) may be transformed to a time-delay func- 
tion by dividing by the angular velocity w. Thus 


+ —1 = 2 iF -—1 2 
mes a 1h) an 


Figure 3-3 shows a plot of amplitude and time delay in which, for pur- 
poses of generalization, it is assumed that C; = 1 and 2xf.= 1. These 
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Fia. 3-3. Magnitude of impedance Z of Fig. 3-2 with R; taken relatively as unity and 
the time delay ¢ of the voltage across Z as measured relative to the phase of the voltage 
impressed on the control grid of the driving tube. The product Cif, is assumed to be 
unity to yield a generalized curve. 


universal curves may be transformed for any value of C; and w2 by multi- 
plication or division. 
For example, if fo=4 Me, or w2=25.2X10® and C,=20 puf=20X 10-? 
farads, the value of Z at w = 0 is 
1 1 


ee 3-10 
4= 6, ~ 22 x%10°x 0 x10 =! Oohms (3-10) 
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and the time delay at w = 0 becomes 
to = — = spo wom = 0.0398 X 10-* sec, or 0.0398 psec (8-11) 


The time delay at w = w: is (reading from the curve in Fig. 3-3) 
0.785 X 0.0398 = 0.0312 usec; therefore, the difference in time delay 
from » = 0 to w = aw, is 0.0398 — 0.0312 = 0.0086 usec. Now a single 
picture element represents the time of a half cycle at 4,000,000 cps and is 
therefore 0.125 usec. Thus the differential time delay represents a picture 
shift of only 0.0086/0.125 = 0.069, or about 145 of a picture element. 
‘This is not serious enough to cause any noticeable deterioration in the pic- 
(ure and hence would be an acceptable phase characteristic. It is probable 
(hat as long as the delay differential is less than half a picture element, the 
phase characteristic would be acceptable. 

The amplitude characteristic is only fair at # = we, and the magnitude 
of Z at w = 0 is only half that obtainable from an ideal Z network. Thus 
the gain will be low, and there will be A 
some lack in detail but no noticeable 
phase distortion. R, 

Perhaps the most simple of the “‘flat- 2— C, 
response”’ characteristic circuits is that 
where the impedance Z takes on the 
form shown in Fig. 3-4. This circuit 
is substantially the same as that of dermiinal dtredite for Z of Pug Seiowbich 
"ig. 3-2 except that an inductance Li yields high frequency compensation. A 
lias been added in series with R;. As single compensating element, consisting 
the value of L, is slowly increased of a shunt peaking inductance Li, is 
from 0.33R2C1, it will be found that added in series with the resistance R; of 

: Fig. 3-2. 
(he amplitude vs. frequency response 
curve slowly rises, goes through a comparatively “flat” condition, and 
(hen to a pronounced peak at lower and lower frequencies as L; is in- 
creased without limit. The maximum flatness condition, 7.e., the condition 
wherein the absolute value of Z is the same at zero frequency and at ws, 
un arbitrarily selected upper frequency limit, will be found when 


Fia. 3-4. One of the most simple two- 


ly = = ——~ = 05R2Q, (3-12) 
2 1 
Solving for Z in Fig. 3-4, with the stipulations of Eq. (3-12), 
vil: J) 
[g(t aps 
Z = tty Aare al 
21+ fa) 


where f = any frequency in general 
Jo @ upper frequency limit 


(3-13) 
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Expressing Eq. (3-13) as a vector at an angle ¢, 


at +- Se 2fe 


Equation (3-14) is shown plotted in Fig. 3-5 for w. = 1, C; = 1, with the 
time delay plotted from the equation ¢/w 


_, _ dll + (f7/2f2?)] 
Ln SC a re eins 
t =< eee hes (3-15) 
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Fig. 3-5. Typical compensation obtained by the use of the circuit of Fig. 3-4 when 
I, = 0.58°C:. The magnitude of the impedance is practically uniform from w = 0 
tow =1. The time delay, however, shows a continual increase out to w = 1.6. Note 
that this time-delay curve is opposite in drift from the curve shown in Fig. 3-3 for the 
uncompensated case, from which it is deduced that an intermediate value of Z; could possi- 
bly be found which would result in a uniform time delay over the interval w = 0 tow = 1. 


The impedance function Z passes through 1.0 at w = 0 and again at 
w = 1.0, with a rise to 1.029 at about » = 0.6. The time delay has an 
opposite slope to that shown in Fig. 3-3 for the simple RC circuit. Further- 
more, the time-delay difference in the band from w = 0 to w = 1 is only 
half as great. 

While the time delays given for the circuits of igs. 3-2 and 8-4 are satis- 
factory as shown, it must be remembered that only one stage of either is 
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being considered. If many stages are needed in an amplifier in order to 
obtain a required gain, the time delays of all the stages must be added to 
obtain the over-all time delay. It may be of interest, therefore, to study 


Z in ohms and time in seconds 


fe) 0.2 04 06 08 1.0 1.2 14 16 
w . 
lig, 8-6. Compensation obtained by the use of the circuit of Fig. 3-4 when L, = RYC;/3. 
‘The value Z; has been critically selected to yield a uniform time-delay characteristic 
from w = 0 to well beyond w = 1. Note, however, that the magnitude of Z falls off as 
» increases and that at w = 1 the value of Z is 0.88 that at w = 0. 


4 circuit similar to Fig. 3-2, but reducing the inductance, which will place 
(he time-delay curve somewhere between the curves shown in Figs. 3-3 
and 38-5 

An inspection of these curves leads one to the conclusion that wl 
should probably be equal to about 21/3 when Ri = 1/a2Ci. Letting these 
values be assumed, the equation for Z becomes 


one FGA lA a) 
wilt get witi(1 + fa + fa) 
alias 


(3-16) 


ixpressing Eq. (8-16) as a vector at an an 


42 TELEVISION PRINCIPLES [Szc. 2 


and the time delay becomes ¢/w or 
tant —L2+ P39) 


‘Pp Se ee (3-18) 


@ 


The magnitude and time delay are shown plotted in Fig. 3-6. As before, 
it is assumed that w.= 1 and that C; = 1. The impedance function 
starts out at w = 0 equal to unity; at w = 1.0, Z = 0.88; and at w = 1.6, 
Z = 0.701. The time delay is flat to within 1% out to w = 1, and is down 
only 8% at w = 1.6. The constant value of the time delay is ¢ = 0.667. 

The general solution of the circuit of Fig. 3-4 may be of interest in case 
it is decided to study other values for Z;. The following solution is given 


in terms of a factor a where 2 
perme nS (3-19) 
Ty 
and the upper frequency limit is defined by 
1 
= PE (3-20) 


The general equations are shown in Fig. 3-7. 


f jee 
ur Ao mad eal * pan 


and time delay = 


Tia. 3-7. Impedance and time-delay equations for the video-frequency compensation 
of Fig. 8-4 as a function of the constant @ employed to determine the value of the com- 
pensating inductance L, 
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The next possible enlargement in the form of Z in Fig. 3-2 is that in 
which another reactive element is added in addition to Li, thereby making 
a total of two added compensation elements. This element usually takes 
on the form of a capacitor. It may be connected either across the resistance 
I, or across the inductance Li. Once again there are many possible values 
that may be assigned the reactive elements, and each combination produces 
changes in the response characteristics of the network. Consider first? 
(the case of the capacitor added in shunt to the resistor element Ri, shown 
in Fig. 83-8 as C3. 


Ly 


SAS: C; C3 Ry 


I"'ia, 83-8. Two-terminal high-frequency compensation circuits utilizing two compensat- 
ing elements, namely, L; and C3. This circuit will yield a stage gain of 1.6 as compared 
with 1.0 for the more simple circuit of Fig. 3-4. 


As in the previous cases, C; is the sum of all the shunt capacities. Then 
i is found that for best compensation 


C2 — 0250; (8-24) 
1.306 r 
R, = ann (3-25) 
and 
tb, = OUR = ee (3-26) 
We We Cy 


‘The frequency-response curve so derived will be very flat over the pass 
bund, and the circuit will of course have 30.6% more gain than that corre- 
sponding to Fig. 3-5. By way of variation, the writer has found experi- 
mentally that reasonably flat (100 + 5%) response may be obtained using 
(he circuit of Fig. 3-8, providing 


1.6 

=— 3-27 

i = 0. (3-27) 

C3; = 0.25C; (8-28) 

e 
and 
Ly 
Iy = 0.625R2C; a Ri = = (3-29) 
We We C; 
' Below, Fritz, Zur Theorie des Breithandniederfrequenzverstiirkers, Fernseh A. G., 


Vol, 1, No. 4, p. 149, July, 1939, 
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The other possible way of utilizing Cs is to connect it in parallel to Li, 
as shown in Fig. 3-9. 

This circuit will be recognized by those familiar with filter theory as a 
terminating half-T section of low-pass filter of the m-derived type. If the 


4 


z— a ee 


Fic, 3-9. Two-terminal high-frequency compensation circuit utilizing two compensat- 
ing elements, Z; and C3, in a different arrangement. This circuit also yields a gain of 
1.6 as compared with 1.0 for the circuit of Fig. 3-4. This circuit may be derived from 
filter theory. 


value of m is chosen as 0.6, the image impedance is nearly resistive over the 
whole pass band. Based on this assumption, the element constants 
became the following: 

1.6 


Ry ae i 
woC1 
Cs = 0.660; (3-31) 
and 
le, eee PN 
Ty = ai => aa, = 0.375R, Ce (8-32) 


These values are arrived at as follows: The constant-K low-pass filter 
elements shown in Fig. 3-10 are 


<a 3 7 
L= ahs (3-33) 
1 
é => afole (3-34) 


where R = surge impedance 
fe = cutoff frequency 


is 
alti 
Fig. 3-10. Prototype low-pass filter section of the constant-K type. 


This type of filter has a transmission band from 0 to fy cps and an atten- 
uation band from fs to infinity; the attenuation is gradual. 


(3-30) — 
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The m-derived low-pass filter is shown in Fig. 3-11. The circuit elements 
are given by 


Le = mL (8-35) 

OF R816! (3-36) 
1 — m? 

C=C (3-37) 


where m = V1 — (fo/fa)? 


fo = cutoff frequency 
f.= frequency of infinite attenuation (the resonant frequency of 
L, and C,) 
LandC = units given by Eq. (8-33) and (8-34) for the constant-K low- 
pass filter 


Fie. 3-11. m-derived low-pass filter section. 


Now the value of 0.6 .or m is known to provide a section that can be 
(erminated in a pure resistance with minimum reflection in the pass band. 
l'urthermore, a half section is called for at the termination of a composite 
filter. Taking these into account, Eqs. (3-35), (3-36), and (3-37) become, 
for the half section m = 0.6, 


To ae R\ 06R 
Ly SS = <a ee — 
5 = 03 & A) oer (3-38) 
OL Oe ee 
Ub g fin 02 fee = afk (3-89) 
i € . 1 
Cl = 2(0.266)C = 0.538 : 7 a) (3-40) 


Now such a half section normally terminates an intermediate constant-K 
filter section. Since the final condenser of such a constant-K section 
would be one-half the capacitance of the full constant-K section, the amount 
of capacitance that may be added in parallel to C} is 


ae 
Tee 2  2nfoR ee: 
: i} : n/t 
where C = walt’ as given by Hq. (8-34) 
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The composite filter thus appears as shown in Fig. 3-12. C’ and C} 
would of course be combined into a single capacitor, and the circuit then 
becomes identical to that of Fig. 3-9. Thus, referring to Fig. 3-9, 


Lae 06) 18 
ort r= Sats Sete, See ene) 
Solving for Ri, 
1.6 1.6 
oi QmfoCy 4 w2Cy Ce 
which is identical with Eq. (3-30). Likewise 
bye Eh UE ee OBIS RAC, (3-44) 
We We (64 
which is identical with Eq. (3-32). Also 
= ee 0.533 a 0.533 ates) = ~ 
C1 = Cy = So OS ( Ti) — 0.6660, (3-45) 


which is identical with Eq. (3-31). 


Fie, 3-12. Composite low-pass filter including one-half a constant-K-type capacitor, 
C’, and a half section of an m-derived type utilizing Cj, L/, and C4. 


The gain of an amplifier, using the network of Fig. 3-9, is thus 1.6 times 
that using but one compensating element as given by Fig. 3-5. 

The maximum possible gain is two times that of Fig. 3-5. The only 
reason that the circuit of Fig. 3-9 does not achieve the maximum value 
is that, in Fig. 3-12, in combining filter sections, the T section began with 
a shunt capacitance C;. It is apparent, then, that some other terminating 
section should be used in which the shunt capacitance is absent. This 
can be done by using an m-derived section plus a constant-K section as 
shown in Fig. 3-13. 


Constant-K m- derived 


Fig. 3-13. Derivation of a more elaborate two-terminal compensation network. 
The stage gain will approach the “ideal” limit of 2.0 as compared with the most simple 
compensation network of Pig, 8-4, 
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In the form of m-derived low-pass filter shown in Fig. 3-18, 


Tig ree (3-46) 
1 — m? 

ig in (8-47) 

Ce — mG (3-48) 


where m, L, and C are defined immediately following Eq. (3-37). Since 
the terminating section is half of a full section, 


In = “ (3-49) 
Ly = 2L, (3-50) 
Co = oO (8-51) 
Likewise, in the constant-K section 
L' = (3-52) 
and 
c= (3-53) 


‘4, 


I'ia. 3-14. Two-terminal high-frequency compensation circuit utilizing three com- 
pensating elements, Ly, Ls, and Cy. This circuit is derived from filter theory and is the 
circuit of Fig. 3-13 with L’ and L/ combined into a single inductance Li, and with C’ 
und C’ combined into the single incidental shunt capacitor C1. 


In an actual composite circuit, L’ and L, may be lumped together into 
« single inductance equal to L’ + Li, and the two input condensers as C4, 
as shown in Fig. 3-14. Thus the values of elements become 


2 1 2 


os (cere Oe ee as 7 
esa Qafoki afeRi wlth (8-54) 
ae A Po bm UBL -tAR 
eens Sa Cy og 
—~16X2_ 32 _ : : 
~ oC, — we, 0.8R%C1 (3-55) 
Lz = Ly = 2ly = 2 X 0.266L = 0.533L = a 
ee LS 2.133 _ 9 s33n.20, een 
We w"Cy w2C; 
Chae CY a et a ee eos OS. 80, (3-57) 


2 2 = Qrfah; walks 
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This network will provide a gain-bandwidth characteristic closely ap- 
proaching the ideal. Figure 3-15 shows on one chart the amplitude vs. 
frequency response characteristics of the several networks discussed. 
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Fig. 3-15. Relative performance of high-frequency compensation circuits of the two- 
terminal type. ; 
Curve 1—no compensation, Fig. 3-2. 
Curve 2—one compensating element, Fig. 3-4, where I, = Ri/2w: = 0.5RiC. 
Curve 83—one compensating element, Fig. 3-4, where Li = R1/3e2 = 0.33RCi. 
Curve 4—two compensating elements, Fig. 3-9, where Li = 0.6R:/o. = 0.375R?C1. 
Curve 5—three compensating elements, Fig. 3-14, where Li = 1.6Ri/o: = 0.8R°C1. 
Ideal Curve—theoretical curve approached with an infinite number of compensating 
elements. 


3-3. Transient Response of Two-terminal Networks. The preceding 
treatment of the video-frequency amplifier is based on steady-state condi- 
tions. Actually, video signals consist largely of pulse-type signals, and so 
another basis of analysis commonly 
used is the transient analysis. If it 
is assumed that the applied signal 
consists of a step function, as shown 
in Fig. 3-16, an ideal amplifier would 
Fig. 3-16. Step function of voltage charac- reproduce the step without altera- 
teristic of television signals, as, for example, tion. Such an amplifier must have 
the sharp transition from black to white. an infinite bandwidth and a linear 


1.0 


Amplitude 
(e) 


O Time —> 
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phase-angle characteristic. Practical amplifiers have limited bandwidth 
and nonlinear phase-angle characteristics. The effect of these limitations 
makes itself evident in the reproduced step wave in several ways. First 
of all, the steepness of the step decreases. Secondly, oscillations may make 
themselves apparent at the upper end of the rise before the wave settles 
down to a constant value. Thirdly, such oscillations may actually be so 
great and have such a phase relationship that ‘‘overshoot” is produced, 


Amplitude 


(0) T er 37 


Time 
lig. 8-17. Typical transient responses of high-frequency compensation networks. 
(Curve 1—no compensation. Curve 2—single compensating shunt-peaking inductance 
|, = 0.5R2C:. Note the increase in the slope of the leading edge of the pulse when 
sompensation is used. In this circuit there is a damped oscillatory overshoot. If Ly 
liad been reduced to 0.25R:2C;, no overshoot would have existed, but the rise time would 
lave been increased. 


wherein the reproduced wave exceeds the amplitude of the original step 
wave for several oscillations. As examples! of the transient response of 
two of the networks already considered on the steady-state basis, Fig. 3-17 
shows the effects described above. 

Curve 1 is the transient response of the simple RC circuit. It has no 
overshoot nor oscillation, but the rise time is relatively long. Curve 2 is 


the transient response of the shunt-inductance type of compensating 


‘Curve from Kallmann, Spencer, and Singer, Transient Response, Proc. TRE, Vol. 33, 
No. 8, pp. 169-195, March, 1045, 
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circuit shown in Fig. 3-4, where L; = Ri/2w, = 0.5R:2C;. This curve 
shows a 6% overshoot, a damped oscillation, but also a relatively fast rise 
time. In evaluating rise time it is customary to consider the time required 
to rise from an amplitude of 10% of the final value to 90% of the final value. 

In general, the sharper the cutoff at the upper frequency limit, the greater 
is the overshoot and oscillation. The reason for this is that the oscilla- 
tions really represent the negative of the missing Fourier components not 
transmitted. When the cutoff is very gradual, enough of the higher fre- 
quency components are transmitted to reduce considerably the amplitude 
of oscillation. Based on this premise it would seem desirable to design the 
first few stages of an amplifier chain with gradual cutoff characteristics 
and to design the last. stages with sharp cutoff (high-gain) circuits, wherein 
the steep portion of the curve occurs in the attenuation band of the gradual 
cutoff stages. Thus a fairly pleasing over-all picture should result if the 
i-f amplifier of a television receiver began to cut off at 3 Mc and was sloped 
toward a high attenuation at 4.5 Me along a gradual attenuation curve; 
the video-frequency amplifier might then be designed with an m-derived 
dead-end section, as shown in Fig. 3-13, wherein the cutoff frequency was 
chosen as 4 Me, with the attendant steep attenuation curve as shown by 
Curve 5 of Fig. 3-14. 

3-4. Four-terminal Networks. It is evident that a possibility for a 
realization of even higher stage gains exists if it were only possible to sep- 
arate the single-shunt capacitance into two or more smaller capacitances 
and to incorporate each separate capacitance into sections of a composite 


Fie. 3-18. Simple four-terminal high-frequency compensating network. A single 
compensating element Ls; is inserted between the incidental capacitances Cs and Cs. 
For best results C; should be twice Cs, in which case a stage gain of 1.5 times the no 
compensation case can be obtained out to a frequency where the uncompensated circuit 
impedance has fallen to 0.707 its value at w = 0. 


filter so that shunt capacitances are separated by series inductive circuits 
in the pass bands. Carrying such a process to the limit, each unit of capaci- 
tance would become infinitesimal in size and the resultant structure would 
become a simple transmission line with uniformly distributed shunt 
capacitance and series inductance. Such a line has no upper frequency 
limit and so would have theoretically a pass band infinitely wide. 

In the practical case, of course, lumped capacitance must be dealt with; 
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but at least it is possible to separate vacuum-tube amplifiers into two capaci- 
tances, one being the output capacitance of the first stage and the second 
being the input capacitance of the succeeding stage. The simplest arrange- 
ment consists of a low-pass 7 section, as shown in Fig. 3-18. 

In this figure, Cs represents the total shunt capacitance at the output 
of tube 1, while Cs represents the total shunt capacitance at the input to 
tube 2. As before, C2 and R2 are made to have values producing negligible 
loading and phase effects in the frequency band of interest. The resistance 
Ry, which terminates the filter, may be placed either in shunt with Cs or 
in shunt with Ce, depending upon the relative magnitudes of the two shunt 
capacitances. In some cases it may even be desirable to use some resistance 
in both of these positions. 

It has been found! that the most favorable ratio of capacitances is such 
that C5/Cs = 2:1. Under this condition, the following circuit element 
values obtain: 


athe e 

Be = BCr eS) eR 
Ls = 0.67(Cs + Ce)Ri? (3-59) 
Cr 268 (8-60) 


If, in a practical amplifier, it happens that Cs = 2C;, the same calcula- 
tions apply except that the load resistor Ri is connected in shunt with Cs 
instead of in shunt with Cs. 

It is thus seen that a gain of 1.5 times that obtainable with a two-terminal 
network, having the same total shunt capacitance and only one compensat- 
ing coil, is available. This circuit provides a good amplitude vs. frequency 
response as well as a good transient response characteristic. 


lia. 8-19. Four-terminal high-frequency compensation network employing two com- 
pensating elements, Z; and L;. A gain of 1.8 is available if Cs is twice Cs. .. 


Another four-terminal network employing two compensating induc- 
(ances? is very popular and yields a still higher gain. The circuit is shown 
in Fig. 83-19. The circuit constants are 

' Seeley, 8. W., and C, N. Kimball, Analysis and Design of Video Amplifiers, RCA 


Htev,, January, 10389. 
* Poster and Rankin, Video Output Systems, RCA Rev, April, 1941, 
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1.8 

t's Cpt Oe eR 

Dy = 0.52817(Cs5 + Ce) (3-63) 

Ls = 0.12R7(Cs +. Cs) (8-64) 


It is sometimes necessary or desirable to shunt inductance Ls with a 
resistance Rs to prevent unwanted transient oscillations in actual practical 
circuits. The value of this resistance is determined by test, since it is de- 
pendent to some extent on the Q of the coil and upon the self-capacitance of 
the coil. 

As in the case of the two-terminal networks, it is possible to extend one 
end of a four-terminal network by a one- or a two-section dead-end network 


Fic. 3-20. A more elaborate four-terminal high-frequency compensation network 
employing three compensating elements, L2, L3, and C3. When Cs = 0.8C5, a gain of 
3.6 is available. 


to obtain even higher gains. A single-section. dead-end network will 
yield a gain of 3.6 times over the two-terminal network employed in Fig. 
3-4, while the two-section dead-end network will yield a maximum gain of 
4.00 times, which is identical with the ideal value for the four-terminal 
network. The single-section dead-end network is shown in Fig. 3-20, in 
which the following components are used: 


3.6 b 

hy = lly (3-65) 

Cs sd 0.8C. (3-66) 
_ 2Ry 

L3 = a (3-67) 

tyne (3-68) 
W2 

Cs = 0.533C. (3-69) 


The two-section dead-end filter network is shown in Fig. 3-21, in which 
the following components are used: 
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4.0 
Ba =e co (3-70) 
2 
Cs = Cs = wakes, (3-71) 
_ 06 a 
C= ae (3-72) 
yom (3-73) 
We 
tie 1.067R, (3-7 4) 
W2 
eats (3-75) 
We 


The two latter filter networks have been developed from low-pass filter 
sections. For example, in Fig. 3-21, one-half of C's, Ls, and one-half of C's 
make up a constant-K section. J; is the result of adding a constant-K 
half section to an m-derived half section. One-half of Cs constitutes the 


Pia. 3-21. A four-terminal high-frequency compensation network employing four 
compensating elements, I1, Le, Ls, and Cy. When C; = C6, a gain of 4.0 is possible over 
most of the frequency band, closely approaching the “ideal” constant value of 4.0 over 
the entire range w = 0 tow = 1. 


shunt condenser of the constant-K half section. As before, a half-section 
condenser has been added in parallel to half of C's to terminate the section, 
with the result that Cs becomes equal to C's and each is equal to the proto- 
type low-pass filter shunt capacitance as given by Hq. (3-34). 

It should be pointed out that the four-terminal networks depend on the 
two condensers C; and C, having a very definite ratio. It would be a 
matter of pure luck if the circuit capacitances turned out to fulfill the re- 
quired ratio requirement. Two alternative steps may be taken by the 
designer if the ratio in a practical system fails to be equal to the required 
value. The simplest is to add deliberately a small fixed or trimming con- 
denser to the capacitance that is deficient in providing the desired ratio. 
Such a solution of course will result in a decreased over-all gain or in more 
restricted bandwidth, because increasing shunt capacitance always de- 
creases the gain attainable, Another, and usually better, solution is to 
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vary the infinite attenuation frequency or the value of m slightly to bring 
about a ratio of the capacitances in the calculated filter that matches the 
ratio of the capacitances as found in the circuit. 

3-5. Low-frequency Compensation. In addition to the compensation 
circuits for the high-frequency end of the video-frequency band, there is 
an effect at low frequencies that must be compensated for. At low fre- 
quencies the plate circuit (Fig. 3-18) is coupled by the condenser C, to the 
next grid resistance Ry. This combination will give rise to a low-frequency 
phase shift. As the circuit stands, the amplitude and phase vs. frequency 
characteristics in the low-frequency region is given by 


pL ee = ee nae re Oe (3-76) 
oan eee Bo 1 wC ok» 
eae? 1+ 2O2Re 


It is seen that the capacitor C2 should be made large in comparison with 
Rs, or, in other words, that the reactance of C2 should be small in compari- 
son with the resistance of R:. Since, with receiving tubes, R2 usually can- 
not safely exceed 1 megohm, at 60 cps, the reactance of C. should not exceed 
200,000 ohms if the amplitude is not to drop more than 2% at 60 cps. 
The minimum value of C2 from this consideration would then be 


1 1 


Airs Sl 2760(200,000) 


= 0.01325 uf (3-77) 


Now from a phase-shift standpoint, this CR product would give a phase 
shift of 
uh 
(o>) oRe 


tan = tan 0.2 = 11.3° (3-78) 

This is a rather considerable shift and would make itself evident in a 
television picture as a visible vertical shift in the general shading of any 
large black or white picture areas. A better visualization of the detri- 
mental effect of the deficiency may be obtained by considering what happens 
to a square wave passing through the network. For simplicity, a simple- 
step function will be applied to the network and the resultant voltage 
plotted for 0.0083 sec, which corresponds to the time of a half cycle at 60 
cps. The equation for the ratio of grid-to-plate voltage becomes 


LS et / Ral (3-79) 


The plot of this equation for R, = 10° and C, = 0.01325 & 10-* is shown 
in Fig. 3-22. 

Thus, in covering the time of half a picture height, a loss of almost 50% 
in signal takes place; this is intolerable; therefore either Cy must be increased 
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or the effect compensated for. If Cz were increased to 0.2 uf, the broken 
curve in Fig. 83-22 would result, showing a loss of only 4% at the end of 
429 sec. This loss is probably tolerable if only one or two stages of such 
amplification are included in the network. If, however, there are many 


1.0 


0.9 


0.8 


Cp =0.01325 mia 


Milliseconds 


lia. 3-22. Transient response of a step-function voltage wave applied to CR circuit 
consisting of a coupling condenser C, and a 1-megohm grid resistor. In 99 sec, cor- 
responding to half a picture height, the voltage loss is almost 50% when C2 = 0.01325 uf. 
Increasing C2 to 0.2 uf causes the loss to be reduced to only 4%. 


stages, some type of compensation is probably more desirable than using 
a large and bulky coupling condenser, because the high frequency charac- 
(eristic would suffer, owing to the large stray capacitance to ground caused 
by the unavoidable large dimensions of the coupling condenser. In passing, 
it should be noted that the 0.2-uf condenser and 1 megohm provide a phase 
shift of only 0.76° at 60 eps. 

The first low-frequency compensation circuit to be studied is that shown 
in Fig. 3-28. 

The compensation in this circuit is through the addition of parts Cs and 
Ry. The requirements for distortionless transmission, where the tube 
plate resistance is infinite, is that 


RC, = RCs (8-80) 
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In this case, Ry is made as high as is practicable. As an illustration, let 
the two tubes be 6AC7 pentodes. The tube and stray capacitances total 


Fic. 3-23. Low-frequency compensation circuit using two compensation elements, 
C; and Ry When the relation RC; = R2C; is satisfied, and when RC; is sufficiently 
great, the low-frequency loss due to the condenser coupling circuit may be made neg- 
ligible. 


about 25 wf. With an upper frequency limit of 4 Mc, the resistance R,, 
from Eq. (8-12), becomes 


1 1 
R= Safi. ~ In()10*@5)10-2 = 1,590 ohms (3-81) 


Thus, if R, = 10° and C, = 10-*, from Eq. (3-80), 


Cs = —— = pm = 628 X 10“ farad (8-82) 


Obviously this large value of C3 is unreasonably large. Realizing that 
C3 is the limiting factor, rather than C2, C3 should be specified; with it 
given, solve for Cz instead. A reasonable value for C; might be 30 uf, 
since this is a common value for electrolytic condenser capacitance; thus 


C. would be 
—6 
Gj) = Ge, DAT AL _ Goer? x 10th Oe 


Now. Ry may be made 10,000 ohms and lose only 100 volts with a normal 
plate current of 10 ma. The plate supply voltage may be 250 volts, 
leaving 150 volts effective at the anode. 

The phase angle to be concerned with is the sum of the phase angle of 
the R.C.2 circuit and the phase angle of the R,C3R, circuit. The phase 
angle of the R2C2 circuit is given by 


a —1 ra 
a = tan “a oR, (3-84) 
The phase angle of the R,C;2, circuit is given by 
— 2 
6 = tan“ wakes (3-85) 


R, -+- Ry + Rw 2h, 
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Since the interest lies in the sum of a and £, the relation 


tan a + tan B 
1 — tan a tan Bs 


tan (a + 6) = (3-86) 
may be used. Substituting Eqs. (8-84) and (8-85) in Eq. (8-86), where 
RC3 = RC2, 

Ri + Ry 


tonert-$) CREE Rie Bk iwOr) alae 0 
The time difference is given by 
ea.B 
t= (3-88) 


Thus at 60 cps, with R; = 1,590, Re = 10°, Rg = 104, C, = 0.0477 X 
10-, and C; = 30 X 10~°, the value of tan (a + 8) becomes 


tan (a + 8) = 0.000301 (8-89) 
whence 
a + 6 = 0.000301 radian = 0.01725° (3-90) 


which is about 43 times less phase shift than the uncompensated circuit 
gave with C2 = 0.2uf. The response to the square wave 1499 sec in length 
is such as to give a departure from flatness of less than 0.1%, or less than 


"ta. 3-24. Low-frequency compensation circuit using three compensation elements 
Cy, Ry, and Ry. Exact compensation is possible down to and including dc if the relation 
Rh, /Ry = R4/Rz = C2/C; is satisfied. 


| part in 1,000. The frequency response characteristic is also very good. 
At 60 eps the response is down less than one part in a million. 
A second type of low-frequency compensation is shown in Fig. 3-24. 
This circuit is quite similar to that shown in Fig. 3-23, with the single 


_ exception that a resistor Ry has been placed in shunt with the coupling 


capacitor Cy, With this addition, the low-frequency compensation may be 
made practically perfect down to and including zero frequency. 


58 TELEVISION PRINCIPLES (Src. 5 


If it be assumed that R2>> Ri, then the impedance into which the first 
tube works is 

jRAX; 
Ri jn: 


Z=Rhi- (3-91) 


a 
wl; 
Therefore, if 7, is the plate current in the first tube, the voltage developed 


across Z is 7pZ. Now that portion of 7,Z that finally is impressed on the 
grid of the next stage is ; 


where X3 = 


é, Re 
= SS 92 
tp , jR3X » (3 9 ) 
*” Rs — jX 
Substituting Eq. (3-91) in Eq. (8-92) for Z, and solving for e,, 
_GRAX 3 
os ae OT Re = 5% (3-93) 
: : Be x JR3X 9 
> Rs — jX2 


It is clear that e, may be made uniform over any frequency bandwidth if 
the numerator and the denominator of the part in the brackets have the 
same curvature. The conditions yielding equal curvature will be solved 
for. Equating numerator and denominator times a constant k, 


_ _gRiXs _ _ _gRsX» = 
Bir Soe (i aeeae Ce 
Equating the reals of each side, 
Hae iRy ican ee oO (3-95) 
Rk, 
Equating the imaginaries of each side, 
R4X3 R3X»2 ) 
ae ae : — 
R, = jX3 G — jX2, (3 96) 
In Eq. (8-96), let the frequency approach zero; then 
R, = kR3 or ho a (3-97) 
Rs 
In Eq. (3-96), let the frequency approach infinity; then 
= _ Xs _Cs 5 
X;3 = kX, or Tiree ade (8-98) 
Thus from Eqs. (3-95), (3-97), and (3-98), 
Rk: Rh, Os = 
me Si 
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This represents the conditions required to be met in the circuit for uni- 
form transmission down to and including de. 

As an example, suppose the amplifier tubes are 68J7’s. For high-fre- 
quency compensation, assume f, = 2,000 ohms. Also, assume R» = 
100,000 ohms, which is a reasonable value for a grid resistor. If the plate 
supply is 250 volts, an inspection of the tube characteristics indicates that 
a 150-volt drop in Ry may be tolerated. Since the tube plate current is 
3 ma, 


R, = = = ~~ = 50,000 ohms (3-100) 


Solving for R; in Eq. (3-99), 


_ RR _ 10° X5 X 104 | : 
R; = 2 sane o 2.5 X 10° ohms (3-101) 


If 0.5 uf be assigned to C3, then 


_ RCs _ 2X 10°X0.5 X10 | 
2= “p= ai =0.01nf (3-102) 


All of the values are reasonable and inexpensive. There is a positive d-c 
bias impressed upon the grid, the value of which is 


[Hy — tp(Ri + Ra)|Re 


Se Ra + Rs 


= 3.62 volts (3-103) 


It will therefore be necessary to increase the normal bias battery of —3 
volts to —6.62 volts to overcome the effect of the positive bias. This 
(l-c connection does not have nearly the disadvantages of the common 
(d-e amplifier, because it will be observed that only 1.45% of the plate 
supply voltage reaches the grid to cause disturbance. Furthermore, rapid 
changes in supply voltage are filtered out by virtue of the decoupling net- 
work C3h4. 

In case, however, it is decided that no de shall reach the grid from the 
preceding plate, a variation of the circuit of Fig. 3-24 may be made by 
splitting Rs up into two equal portions and by inserting a very large 
capacitor between the halves. This capacitor may have considerable 
capacitance to ground without affecting circuit operation, since this path 
is not used for high frequencies anyway. 

3-6. The Cathode Follower. The cathode follower is a special connec- 
lion of a triode-amplifier tube particularly useful in coupling a voltage at 
relatively high impedance into a low-impedance load without the use of 


“transformers and without too much loss in voltage. In a sense, then, the 


cathode follower may be thought of as a ‘“current’’ amplifier. 


Library 
Central Wa iiet on College 
ol Lalucadon 
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The customary configuration for the cathode-follower circuit is shown in 
Fig. 3-25. In this figure 


Che thy (3-104) 
Cs = Cpr (3-105) 
Op.= Cy ' (3-106) 
Cs = Cr—grouna (3-107) 


Z. = impedance of the load 


A study will now be made of the behavior of this device as a function of 
the circuit parameters. Of first importance is the determination of the 


Fia. 3-25. Triode connected as a cathode follower. Input is applied as e; and output 
appears as é. 


characteristics of the output voltage e, as a function of ¢:, the input voltage, 
and of the circuit constants. Additional parameters needed in order to 
carry out the study are 

ry = tube plate resistance 

uw = tube amplification factor 

i» = tube plate current 

é, = voltage between grid and cathode 


In order to simplify the initial study, it will be assumed that the coupling 
condenser C, and grid leak R; play no important role in determining the 
input voltage to the tube. For the same reason, then, C2 may be neglected, 
since it is really in shunt with R,; likewise, C; becomes a condenser in shunt 


Fia. 3-26. Cathode-follower circuit with currents and voltages shown as used in com- 
puting the input impedance Z;. 
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with Cs and so may be lumped with C5; lastly, a proper modification of Z, 
would include C; and C3, and so Z, will be considered general enough to 
include these capacitances. The circuit of Fig. 3-25 thus simplifies itself 
to that shown in Fig. 3-26. 

The following circuit equations will be seen to apply: 


Cy = &1 — &o (3-108) 
a=4 (3-109) 
Wy 
a) Chr Ro a 
i a (3-110) 
ip = it (3-111) 
Pp 
€o = (41 + tp) Zo (3-112) 
To solve for ¢o, substitute Eqs. (3-110) and (3-111) in Eq. (8-112): 
ly (ern a ee a 
co = ( Zee )% (3-113) 
Substituting Eq. (3-108) in Eq. (3-113) for e,, 
i ie ees u(er — @o) — Co t: 
Co = [ Zs -- Tp |% (3 114) 
Solving Eq. (8-114) for e., 
Z(uZa ae oy) ] 
= 8-115 
: al Zit Gt zd FE — 


This is the complete solution; usually Z4>> rp, and in this case Eq. 


(3-115) reduces to 
CZ pL 4 ewZo 


Co (Zou +l) +rilZe tp + Zo(u + 1) 


The maximum limit of gain is obtained when Z, > ©; from Eq. (3-116), 


Max value “@ = —4 3-117 
ax value 7 =o 4d ( ) 

Therefore the output voltage is always less than the input voltage under 
the conditions specified. Eq. (8-116) may be solved for the specific case 
of a condenser C’; in parallel with a resistance 2, which represents the most 
common form for Z. Thus if gm = u/Tp; 


Co 1 1 


(3-116) 


ear oes. a pee 23 aC) 
oe oe 1+ +o + Jats 
1 


| | 
| — 
+ M 52 Ram .: Ym 
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Expressed as a vector at an angle ¢, 


fe _ Sn aan Coe Hitt fae Oh 
Si +t+ py +e int ete | 
( Ram Set Oe age 


Grn” 
If ‘‘cutoff”’ frequency is defined as that frequency which yields a loss of 
3 db; z.e., the output is 0.707 times the output at zero frequency, then 


it 1 ws 
(poe ee is 
a ; a fe (3-120) 
Solving for w, and calling it w2, the cutoff frequency being fz, 
= ra | 1 ( een ) 
a= PEN eat =o (m+ +5 
or 
1 1 1 

fr= sale 4 a ait ;) (3-121) 


As an example, suppose the tube were a 6AC7, connected as a triode; 
gm = 107, rp = 3,000, » = 30. Also suppose the tube is to work into 
50 ohms and that Cs; = 10". Then the cutoff frequency becomes 

hs (10-* + a6) = 5) & 480 Me (3-122) 

If Eq. (8-121) had been solved for R, so that the maximum value of R 
might be used for a specified cutoff frequency, the following result is ob- 
tained: 

1 
k= i ae a (3-123) 
2rf C's Le ek Gok 
YD 

It is interesting to note that if f2 is set low enough, R would actually 
have to be negative to realize the specified 0.707 response The transition 
from a positive to a negative resistance takes place at R = infinity. Thus, 
solving for f3, 


2nfe'Cs = ae. Ym 
lp 
7 i 
fo = 2rCs e =F tm) (8-124) 


In the case of the 6AC7 already described, 
eee 
* 210-4 \3,000 


These latter conclusions are based on the earlier assumption that Z4 >> rp. 
At 480 Me this is not true; actually Cy is about 4 wuf, so that Z, = r, at 
approximately 18.2 Me, Therefore, in the example given, the results ex- 


+ 10- 2) 160 Me (3-125) 
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pressed by Eqs. (8-122) and (8-125) would be invalid unless C, were zero. 
If Z, must be taken into account, Eq. (8-115) may be solved for e,/e 
directly, in which case (if Z, = R,Cs) 


P = + jol 
Pe eS - 3229) _ 55 
i. “aC E Jos IoC, 
Rea 
Oi 
| RR Jace 
-——— ws — (3-126) 
pssst eae ei — = 
one aera (00 +5 +5) 
A special case arises when 
ee (3-127) 
C4 K Ine 
Substituting Eq. (8-127) for C;/C4 in Eq. (8-126), 
eee a eee (3-128) 
CL ae 1 de i 
Bh Omit 


and hence the gain is independent of frequency. 
When Z,>> 7p, Eq. (3-116) gives the output voltage. Expressed as a 
voltage-gain ratio, Eq. (8-116) becomes 
é. Ls Zo 
2 = —_—__~°. = (8-129) 
Zo (u Be 1) 1 fe Fe 
a Mm Ym 
Schematically this function may be represented by the equivalent circuit 
of Fig. 3-27. It shows a generator voltage equal in magnitude to e; con- 
nected to the load impedance Z, through the generator internal impedance 


"iq. 8-27. Equivalent circuit of a cathode follower in computing the approximate 
ratio of e, to e. The approximation is most accurate when the tube amplification 
factor wis high compared with 1. 


1/dm. Since 1/gm usually lies in the range from 100 to 500 ohms it is easily 
understood why, with such a low generator resistance, the device is well 
adapted to work into comparatively low load impedances with good 
officiency. 
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The input impedance of a cathode follower is also of interest. The cir- 
cuit is shown in Fig. 3-26, and Eq. (3-109) may be used in the development. 


i= (3-109) 
u 
Substituting Eq. (8-110) for 2, in Eq. (8-109), 
7 Ae pe ee ae . (3-130) 
Gi 4 _ he 
Za ey 
Substituting Eq. (3-129) for e./e: in Eq. (8-130), 
4 = 4, = 24 ( ie = 73) (3-131) 
en pee. fe 
aa a Zolu =e 1) JmLo b. 
Jm Lb 


This equation discloses that the input impedance Z, is increased over the 
simple value of Z, by the second term in the parenthesis of Eq. (3-131). 
This increase may be substantial. For example, if gn = 10-?, Z, = 
10° ohms, and p = 30, 

1 
1 1 
10 x 10° * 30 

Thus, if Z; had been a reactance of 10,000 ohms, it would appear as 
85,000 ohms; or, if Z, had a physical capacitance of 5 yuf, it would appear 
as only 5/8.5 = 0.59 uuf. A resistor connected from grid to cathode 
would have its apparent resistance 
likewise stepped up to 8.5 times its 
physical value. 

Equation (3-131) also discloses 
that the input impedance may take 
on the form of a negative resist- 
ance and so, providing the re- 
mainder of the circuit connected 
Fie. 3-28. Circuit of an oscillator based between grid and ground has a 
upon cathode-follower theory. The choke X sufficiently high resistance and the 
is made to have such a high inductance that proper reactance, self-oscillation 
the stray shunt capacitance around X has may take place. The form that Z, 
lower reactance than X has at the frequency : : . 
of oscillation determined by L and C in the Taney take is that of 7 high emia 
grid circuit. tive reactance in series with a low 

resistance. This can be achieved 
by connecting the cathode to ground through a choke coil large enough to 
make the cathode-to-ground reactance capacitive, as shown in Fig, 3-28 by 
the choke X. The grid-to-ground tuned circuit’ may be adjusted to the 
oscillation frequency desired, A grid leak and condenser are provided to 


4, = Z,f1+ = Z4(1 + 7.5) = 8.5Z, (3-182) 
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obtain automatic limiting and stable operation as an oscillator. In some 
applications the internal capacitance between grid and cathode may be 
insufficient to maintain oscillations, in which case a small external con- 
denser may be connected from grid to cathode. 

3-7. Cathode and Screen-grid External Impedances. There are other 
places in video-frequency amplifiers where phase delay may take place 
other than in the plate-to-grid coupling circuits. One of these places is in 
the cathode-return circuits of amplifying tubes if self-biasing is attempted, 
for a cathode resistor of the usual size (150 to 1,000 ohms) would require a 
tremendously large by-pass con- ; 
denser or else none at all in order 
to prevent phase shift. It is us- 
ually impractical to employ the 
solution of the large by-pass con- 
denser. In general, the loss in gain 
due to a non-by-passed cathode 
resistor is only about 6 db, or 
50% at the low-frequency end 
of the video-frequency band. A yi, 3-29. Video-frequency amplifier with 
small condenser may be shunted an RC shunt circuit in the cathode-to-ground 


around the eathode resistor to path. The amplifier gain will be deficient at 
increase the gain at high fre- low frequencies because the reactance of C' is 

me: not negligibly low at low frequencies. 
(juencies. 


The circuit diagram of employing a partially by-passed cathode resistor 
is shown in Fig. 3-29. The cathode resistor R is by-passed by condenser C. 
The effect on zp, the plate current, of the cathode circuit will be analyzed. 
Let the grid-to-ground input voltage be e:, the grid-to-cathode voltage 
he eg, and the cathode-to-ground voltage be e.. The tube is assumed to 
he a pentode, so that 7, may be considered to be independent of the 
instantaneous plate voltage in the customary ranges of the plate voltage. 
Then 


tig Collen (8-133) 


where gm = tube mutual conductance. 
Substituting Eq. (8-108) in Eq. (3-188) for e,, 


tp = (€1 — 60)9m = &1 (1 - ) Jm (3-134) 
Substituting Eq. (8-124) for e,/e, in Eq. (38-134), 
iy = “(3 a Zo " aoe m (8-135) 
od + 2 Es =t Zo 
’ Ym Jm 
where Z, = _ (3-136) 
+ joC 


R 
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Substituting Eq. (8-136) in Eq. (8-135) for Z,, 


ot iat ey ia 
mF I rien 7; Bret Gris0 
ae 2*W2p2 20722 
gm i + aC In V+ w2C2 1+ wC?R 
At w = 0, 
i,=5— (3-138) 
—+R 
At = 
o= 0, 
ip = > (3-139) 
gm 


Since the customary value for PR is 1/gm, the gain doubles in going from 
w = 0 to w= ©, being, however, linear only over the middle part of this 
frequency range. Entire freedom from vagaries of the “active” term, 
1/gm, can of course be obtained by employing a fixed negative-bias voltage 
and by grounding the cathode. 

Another place in the circuit where a frequency-response variation may 
be found is in the screen-grid connection. If a series resistor is connected 
between the screen grid and the positive terminal of the power supply, a 
large by-pass condenser should be used between screen and ground to pre- 
vent low-frequency degeneration or loss in gain. The size of the by-pass 
condenser required for the screen grid is much smaller than that required 
for the cathode, and so is quite practical. A stiff bleeder instead of a 
series resistor may be used to further decrease the fluctuation in screen-grid 
voltage at low video frequencies. 

The use of a regulated power supply having low equivalent internal resist- 
ance is recommended for video amplifiers in order to prevent low-frequency 
degeneration and regeneration caused by coupling between stages of an 
amplifier through the common impedance of the power supply. Such power 
supplies can be built to have less than 1-ohm effective internal resistance. 

3-8. Noise in Video Amplifiers. The amplifier as a whole when finally 
connected must have its output as free from noise as is possible in order 
that the reproduced picture may be as free from blemishes as the original 
picture. The noise sources are (1) power-line hum, (2) radio-frequency 
pickup, (3) shot noise in the plate circuit of the first tube, and (4) thermal- 
agitation voltage in the input circuit of the first tube. 

Hum from the power line may enter in the picture channel if the heaters 
of the video amplifier tubes are operated from ac. It is recommended 
that at least the first few stages be operated on de to eliminate this source 
of ripple. All ac wiring should be balanced to ground with the leads of 
opposite potential twisted together to minimize external induction fields, 
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Particular care must be taken to see that such leads do not get too near 
the input circuit of the first tube. Alternating currents must never be per- 
mitted to flow in the chassis deck, as the tube grid and plate circuits often 
include portions of the chassis; and, thus, a coupling means would exist. 
The rectifiers supplying the de for plates and screens should be filtered 
extremely well to remove all traces of ripple. Storage batteries or regu- 
lated rectifiers for these supplies are recommended wherever it is feasible 
to use them. 

The second source of noise is radio-frequency pickup. The radio fre- 
quencies that may interfere may be caused by any kind of sparking con- 
tact, such as from a buzzer system, dial telephone, vacuum cleaner, com- 
mutator-type electric fans, oil furnaces, elevators, diathermy machines, 
X-ray machines, ultraviolet apparatus, streetcars, automobiles, arc lamps, 
mercury-vapor rectifiers, mercury-vapor lamps, fluorescent lamps, mercury- 
vapor thyratrons, and factory motors. A source of radio frequency 
likely to cause trouble is the radio-transmitter equipment operated to 
radiate the video signal itself, and also the sound signal. 

Such pickup is usually difficult to eliminate entirely, but the best remedies 
are to (1) shield the input circuits as well as possible, (2) plan to locate the 
radio equipment as far as possible from the studio, and (8) filter the power 
lines, telephone lines, and particularly the line carrying the video signal 
from the studio to the transmitter room. These filters may be low-pass 
filters with surge impedances matched to the video-signal transmission 
line. One section of the filter may include an infinite attenuation point at 
the carrier frequency to be suppressed. 

After these noises have been reduced to a satisfactorily low value, the 
(ube noise still remains. There is practically nothing that can be done to 
decrease this noise except to design better and better tubes for television 
wpplications. The shot noise in the plate circuit of an amplifier tube may 
be expressed in terms of the thermal noise present in a resistance. The 
equivalent noise resistance of a vacuum tube is that resistance, when con- 
nected in series with the grid circuit, results in the same magnitude of 
noise in the plate circuit as would have been caused by the shot noise itself. 
‘The shot noise is due to the fluctuation in plate current, the plate current 
being the sum of a large number of electrons arriving at the plate, each 
with its own arrival time, thus producing a modulation of the current 
hecause of the random arrival of these electrons. The equivalent noise 
resistance! for grounded cathode triodes is approximately 

fia = = ohms (3-140) 
where gn = mutual conductance, in mhos 


‘Thompson, B, J., D. O. North, and W. A. Harris, Fluctuations in Space-charge- 
limited Currents at Moderately High Mrequencies, RCA Rev., April, 1941, pp. 505-524, 
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In case the tube is a tetrode or a pentode, the equivalent noise resist- 
ance is given by 


Bo eats (28 201 


TI, ai Dee Jm Gee ) , Nii 
where J, = plate current, in amperes 

I;. = screen current, in amperes 

gm = mutual conductance, in mhos 
For triode mixers 


4 16 
Req = —-S— 3-142 
sat Fal ¢ ) 
where g. = conversion conductance, in mhos 
For pentode mixers 
I, . 201 :) 
Req = = - 
me Le + Lee \ge ay ge” re Ci 


The thermal agitation rms voltage in the input resistance in the grid 
circuit is (at 25°C temperature) 


E, = 1.28VR,F (10-") volts (3-144) 


where R, = external grid-circuit resistance 
F = frequency bandwidth, in cycles per second 

A typical example of television amplifiers is the 6AC7 tube. As a pen- 
tode, with J, = 0.010, Z,, = 0.0025, and gm = 0.009, the calculated value 
for the equivalent noise resistance is 720 ohms; this checks well with 
measured values of from 600 to 760 ohms. The same tube connected as a 
triode has a calculated R.q of 220 ohms and a measured value of 200 ohms. 
In the latter case, g,, = 0.0112 because the screen current is added to the 
plate current in the output circuit. As a triode mixer with g. = 0.0042, 
Req = 950 ohms (calculated). 

A numerical computation of the total noise present in a 6AC7 pentode 
grid circuit will be solved by way of illustration. Suppose the external 
resistance were 1,500 ohms and the bandwidth were 4 Mc; then the noise 
voltage is given by 


E,, 


1.28V (fy + Req)4 X 10° (10-") volts 


1.28V (1,500 + 720)4 X 108 (10-") volts 
12.1 X 10-6 volts = 12.1 po (3-145) 


I 


Thus, to obtain a 40-db or a 100:1 signal-to-noise ratio, the signal would 
have to be 100 X 12.1 = 1,210 wo. 

From a noise standpoint, a measure of the merit factor of an amplifier 
stage is the ratio of the thermal noise present in the grid cireuit of an 
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“ideal” tube having zero R.q to the actual noise when R.,q has a finite value. 
This is given by 

Vig _« | _ % 
VR, + Req Vio + Rea 


Merit factor = (8-146) 


In the example just cited, the 6AC7 merit factor as used in this circuit is 


Merit factor = 1,500__ pes 5 a 
1 Vi,500 + 720 0.825 (3-147) 


or the tube is within 17.5% of the ‘‘ideal” tube. If desired, 17.5% may 
be expressed in db and is 1.7 db from ultimate. With the same tube con- 
nected as a triode, 


; 1 E500" = e: 
Merit factor = 1,500 + 220 ~ 0.935 (8-148) 


which is less than 0.6 db from ultimate. 

Obviously anything that can be done to raise #, and still maintain the 
bandwidth will pay dividends in an improved merit factor. Thus the use 
of high-frequency compensation circuits is especially useful. Raising the 
1,500 ohms to 3,000 ohms would improve the pentode to make it come 
within 0.9 db of ultimate, instead of 1.7 db. 

3-9. Output Capabilities of Video Amplifiers. One final point in con- 
nection with video amplifiers is the voltage-output capabilities of tubes 
used in this application. The maximum peak voltage obtainable is the 
amplification of the stage times the cutoff voltage for the grid, assuming 
class A operation, 7.e., no grid current. Thus a 6AC7 working into 
1,500 ohms, with a gm of 0.009, and a cutoff voltage of 4 volts can provide 
4 maximum peak-to-peak output voltage of only 


E, = EgmRo (3-149) 
= 4 X 0.009 X 1,500 = 54 volts (3-150) 


The same tube operated as a triode cathode follower into a coaxial cable 
of Z, ohms is capable of supplying output up to the point where e, is E, 
volts. The cathode-follower equations should be converted from ¢ to é, 
funetions. Thus in Eq. (3-116), substituting Eq. (8-108) solved for e:, 


Re (€ Se Ca) MLo 


= -151 
te hii 2 1) ge 
whence 
6 = —— tL (3-152) 
are 
ImZo M 


70 TELEVISION PRINCIPLES [Sxc. 9 


Thus a 6AC7 triode with E, = 4 volts, u = 30, gm = 0.0112 and R = 
70 ohms would yield a maximum output voltage of 


€ = ———— = ——__| = = = 3.07 volts (3-153) 
1 hei 
0.0112 X 70 30 


If more voltage is required than that provided by a single tube, several 
tubes may be used in parallel, or else a higher powered tube having more 
latitude in grid voltage may be used. Power-output pentodes and triodes 
make very good high-output cathode followers for this reason. Some of 
these tubes are: 6L6, 25L6, 6Y6, 6V6, and 6AS7. 


Fia. 3-380. Cathode follower adapted to feed into a cable. 


De is usually transmitted over the cable and blocked at the receiving end 


of the cable by a series condenser working into a high-resistance grid leak, 
as shown in Fig. 3-30. 


PROBLEMS 


3-1. Show that the compensation circuit of Fig. 3-4, whose characteristics are shown 
in Fig. 3-5, may be derived from the filter-theory technique, providing the upper fre- 
quency limit is set at twice the frequency desired for highest. frequency transmission; 
z.e., derive equations based on this hypothesis for 2, and L; in terms of C; and 2f, by using 
filter techniques. 

3-2. (a) Derive the equation for the phase angle of the circuit shown in Fig. 3-14. 

(b) Plot the phase angle in radians from w = 0 to w = 1.62, assuming that Ri = 2, 
Ci = 1, and we = 1. 

(c) Plot the time delay over the same interval of w = 0 to w = 1.6a:. 


Answers: 
_, AB —CD 
a & = HO ee a 
where A = wliRy + wloR, — i 
ws 
B= OB + a — wtnCiR — ot laCik 
4 
oS. w'Ly Le 
D = wl = u -+ oli = w LLC, 
wl 4 C 4 
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(b) and (c) 
w @ radians Time delay 
0 0 1.00 
0.1 0.1 1.00 
0.5 0.544 1.09 
0.8 0.926 1.14 
1.0 1.42 1.42 
1.2 1.56 1.30 
1.6 1.56 0.97 


3-3. A cathode follower employing the circuit of Fig. 3-26 employs elements having 
the following values: 


Tube mutual conductance gm = 10-2 mho 

Z, consists of 500 ohms in shunt with 20 X 10-” farad 
C', is a capacitance of 5 X 10~” farad 

pw of tube is 30 


(a) Plot eo/e: vs. frequency out to the frequency where the gain drops to 50% of the 
value at zero frequency. Use the complete Eq. (3-115) or (3-126). é 

(b) Plot eo/e: vs. frequency out to the same frequency as above, using approximate 
Iq. (3-116) or Eq. (8-126) with C, = 0. 


CHAPTER 4 
RADIO TRANSMITTING APPARATUS 


4-1. Radio Frequencies Employed by Transmitters. In the previous 
chapter, consideration was given to the amplification of the video signal 
from the weak signal of the camera tube up to a level of about 3 volts 
across a 70-ohm transmission line. The present chapter carries the signal 
through the radio transmitting apparatus to the radiated field. 

The transmitting equipment may be divided into five parts as far as 
the technical problems go. First, there is the problem of designing suit- 
able radio-frequency oscillators and amplifiers. Second, there is the prob- 
lem of amplifying the video signal up to the level of voltage required for 
the application of video voltage as modulation to the modulated stage. 
Third, there is the problem of designing the modulated stage. Fourth, 
comes the problem of linear radio-frequency amplification (if used). 
Finally, there is the problem of designing a suitable transmission line and 
radiating or antenna system. 

The radio frequencies suitable for television begin at about 40 Mc, as 
used in England, and extend up into the microwave region. Since tele- 
vision broadcasting, as contrasted to television relays, must cover large 
service areas (the general requirement is for omnidirectional field patterns 
in the horizontal plane and that in turn calls for high powers), it is not 
strange to find that television broadcasting begins at low carrier frequencies 
and is confined at present to the two bands extending from 54 Mc to 88 Me 
for the first band, and 174 Me to 216 Me for the second band. TEach band 
is divided into 6-Me channels, each of which has been given a number. 
The channels and the picture- and sound-carrier frequencies are as shown 
in Table 4-1. 

The reason low frequencies are being used for broadcasting is that the 
amount of power obtainable from vacuum tubes varies inversely with the 
frequency, because a tube has an upper frequency limit that is set by its 
own physical dimensions. As a consequence, the higher frequency tubes 
must be made physically smaller in order for them to be tunable at the 
higher frequencies; the smaller sized tubes have lower permissible dissipa- 
tion ratings in watts, because the allowable temperature rise is limited to 
about the same amount regardless of tube size. Less allowable loss means 
correspondingly less input and less output. 

72 
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Tasie 4-1. TELEVISION CARRIER F'REQUENCIES 
en ee 


Channel number Frequency limits Picture carrier Sound carrier 
2 54-60 55.25 59.75 
3 60-66 61.25 65.75 
4 66-72 67.25 71.75 
5 76-82 77.25 81.75 
6 82-88 83.25 87.75 
Z 174-180 175.25 179.75 
8 180-186 181.25 185.75 
9 186-192 187.25 191.75 

10 192-198 193.25 197.75 
1 198-204 199.25 203.75 
12 204-210 205.25 209.75 
13 210-216 211.25 215.75 


4-2. Radio-frequency Exciter for the Modulated Amplifier. The prob- 
lem of designing and constructing the radio-frequency part of the trans- 
mitter up to the grid circuit of the stage that is to be plate-modulated is 
purely in conformity with the design of any high-grade type of radio- 
frequency transmitting equipment. The carrier frequency is established 
by a piezoelectric crystal operating at some convenient submultiple of the 
final carrier frequency. For example, a channel-8 transmitter might 
operate with a crystal frequency of 15.1042 Me, to yield after twelvefold 
multiplication the desired carrier frequency of 181.25 Mc. A typical tube 
line-up might be: 


Crystal Oncilator 34.3 ee co betas Co pee ers 6J5 triode 

Bitter Hepner; te 2 suis anton veo to eae oe 6V6GT beam tetrode 
let frequency doubler’... = .0.0.. jasiesean 1614 (6L6) beam tetrode 
Sd trequency GOUDIER 6.00. cae ah ea ne 1614 (6L6) beam tetrode 
Rashepullttriplera. .v. cdc ke teeters pee 815 dual-pentode 


The output of the tripler is sufficient to drive the grid circuit of a low- 
power plate-modulated class C amplifier such as the 832—A. 

Temperature control of the piezo element is usually required in order to 
maintain the carrier frequency within the 0.002% tolerance established by 
the FCC. 

4-8. Modulator and Video-amplifier Stages. The video output voltage 
required to modulate the class C stage if the tube is an 832—A dual pentode 
is something in the order of 100 volts. One hundred volts of video voltage 
may be obtained from the 3 volts input by three stages of video-frequency 
amplification, followed by a cathode follower whose load is in effect the 
832-A plate input impedance, A typical line-up of video amplifier tubes 
to obtain this level of voltage is given in the following table. 
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ESTIATHDUEEE ys. 5. ose recat on nde ore 6AC7 pentode: gain of 6 
DUBDIDHHODS 2.2.29 atone ewe eee e 6Y6G tetrode: gain of 3 
BOAR ELINOR or.c <3, heim tere eee Two 807’s in parallel: gain of 5 
Cathode follower...............2.... Two 807’s in parallel: gain of 0.8 


The total gain is thus 6 X 3 X 5 X 0.8 = 72. The 3 volts of input will 
assure 100 volts of output with some to spare for gain control. 


fe 
input 


Fic. 4-1. 832A Class C r-f plate-modulated amplifier with two 807’s as cathode- 
follower video-frequency modulator. 


Video amplifiers are always computed from the load backward. Thus, in 
the present instance, suppose the 832-A (Fig. 4-1) operates with the fol- 
lowing maximum input: 

E, = 100 volts 
ty edie = 15.0a 


- Thus, the load to be modulated has an effective resistance of 


Res = J sor a 1,988ohme (4-1) 

The total capacitance shunting the resistive load that is to be modulated 

consists of the class C radio-frequency tube-output-electrode and screen- 

electrode capacitances and, in addition, the eathode-to-ground capacitance 

of the cathode followers. The screen-grid by-pass capacitance in the modu- 
lated stage must also be modulated. ‘These may be listed as follows: 
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Modulated tube plate output capacity.................005 15 ppf 
Modulated screen-grid by-pass................0e cece evens 65 ppl 
Tank circuit and wiring capacitance... .....:..¢...0-0505 11 pf 
Cathode-follower cathode capacity.................e ee eee 9 ppt 


The impedance to be modulated thus consists of a condenser of 100 uf in 
parallel with 1,333 ohms. This impedance form has already been studied in 
connection with video amplifiers, Fig. 3-2, Eq. (8-5). Thus, from Eq. (3-5), 


phar 5 i bok 
1 202 
mt 
Substituting 1,333 for R, and 10-'° for C, the magnitude of Z is com- 


puted for frequencies out to 4 Mc, the highest modulating frequency. The 
results of this calculation are plotted in Fig. 4-2. 


1,400 


Z tan-! — wCR (4-2) 


1,200 


1,000 


800 


Z ohms 


600 


400 = 


200 


oO 1 2 fj 4 
Frequency MC. 


ia. 4-2. Absolute magnitude of impedance of the load seen by the 807 modulator. 
The load consists of 1,333 ohms resistance shunted by 100 uyf. capacitance. 


Obviously such an impedance cannot be corrected by ordinary high- 
frequency compensation circuits, because only a 2 to 1 effective increase 
in impedance is possible with the two-terminal network, However, if this 
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impedance is connected to a generator having sufficiently low internal re- 
sistance, a satisfactory frequency characteristic may be obtained. Two 
807’s in parallel connected as a cathode follower would provide an internal 
resistance of 1/29gm, where gm = the mutual conductance of one tube. The 
gm of an 807 is approximately 6,000 umhos. Thus the internal resistance 
is 

1 1 


= ——__. = 83.3 ohms (4-3) 


Bo = 3 = 72x 102 


This would appear to be satisfactory to work into the load shown in 
Fig. 4-2. The next point to investigate is the ability of the tubes to de- 
velop the required 100 volts. Since the load is 382 ohms at 4 Me, 100 volts 
would require 


IT =F = Son = 0.262 amp (4-4) 


Two 807’s can supply this much current in the limit, but fortunately 
4 Me never appears as 100% modulation. The maximum would be only 
75%, because the picture portion of the composite television signal is but 
75% of the peak-to-peak composite signal. Thus actually only 0.75 x 
262 = 196 ma peak current is required at the most. Even this requirement 
would be rare, because seldom would a picture be composed of an arrange- 
ment to produce a 4-Mc output at full modulation. 

The frequency characteristic is given by Eq. (3-126), with C; = 0. In 
this equation 

gm = 1.2 X 10-? mho 


‘> = 666 ohms 
R = 1,333 ohms 
Cs = 10-"° farad 


The response curve is plotted in Fig. 4-3. 

This curve shows a drop in high-frequency response of only 1.42% and 
is thus satisfactory. 

The next step is to determine the driver stage for the dual 807 cathode 
follower. The output voltage required of the driver stage is the cathode 
voltage divided by the gain. This is thus 

ey 100 


ee pale ee = 120 volts (4-5) 


The input capacitance to the cathode follower is about 12 yf; the capaci- 
tance of the d-c inserter used to set the d-c component is about 8 uuf; and 
circuit strays may be another 5 yuf, making a total of 25 wef. As a trial, 
let it be assumed that the drivers are a pair of 807’s in parallel connected 
as tetrodes. The output capacitance will total another 20 jut, allowing 


Sxc. 3] RADIO TRANSMITTING APPARATUS 77 


for strays. Thus the total capacitance is 45 uyf. The reactance of this 
capacitance is 883 ohms. A peak current of 


I => = =, = 136 ma (48) 


is required to develop the voltage output needed, providing a simple com- 
pensation circuit is employed. Two 807’s will provide this current quite 
easily, whereas one 807 would be marginal inasmuch as its maximum 
current rating of 100 ma would be exceeded on an all-white picture. 


Frequency MC. 
ia. 4-3. Frequency response of the modulated stage which has an equivalent cireuit 
of 1,333 ohms resistance shunted by 100uuf capacitance when the modulator consists 
of two type 807 tubes in parallel connected as cathode followers. The loss at 4 Mc is only 
1.42% compared to very low frequencies. 


Therefore two 807’s will be used. A simple shunt-peaking coil for high- 
frequency compensation is all that is required, although, if desired, a com- 
bination of shunt and series peaking could be used and the stage designed 
to carry out to 5 Me or more. i) 
Since the mutual conductance of these parallel drivers is about 1.2 X 10 
mho, 
Tube gain = g,R = 1.2 X 10-? X 883 = 10.6 (4-7) 
However, if cathode bias is employed, the stage gain will be only about 
half this great, or, say, about 5. Thus the grid voltage required is 


y= Pm 120 _ 04 volts (4-8) 
5 5 


The input capacitance to the 807’s plus the capacitance of the d-c setter 
will be about 30 wuf, Adding about 15 uf for driver and strays, the total 
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may be 45 uwuf. This is a reactance of 883 ohms at 4 Mc. The current 
required for the 24 volts needed is thus 


l= >= = 27.2 ma (4-9) 


which means that a receiving tube may be employed. A 6Y6G will pro- 
vide up to 60 ma if required and has a mutual conductance of 7,000 micro- 
mhos. Assuming that an un-by-passed cathode resistor is used for bias, 
gmk _ 7,000 X 10~* X 883 
2 2 

This gain is rather low but may be used. If desired, the series-peaking 
coil method of compensation may be employed here, because the capaci- 
tance division is 9975 = 24, which is favorable for this circuit. If this cir- 
cuit is used, the resistance may be made, from Eq. (3-58), 


R= 1.5X, = 1.5 X 883 = 1,330 ohms (4-11) 


Stage gain = = Sel (4-10) 


in which case 


Stage gain = 


mk _ 7,000 X 10-8 
fe BA ee agre e 


2 


Suppose the latter circuit is adopted. Then the grid voltage required at 
the 6Y6G is 

= ries = is = 5.15 volts (4-12) 
If the shunt-peaking method had been used, e, would have been 7.71 volts. 
Still another approach would be to use series peaking and to design the 
circuit out to 6 Me, again giving a stage gain of 3.1 and a required grid 
voltage of 7.71 volts, but this system provides an exceptionally fine degree 
of compensation and so might be highly desirable. 

From this point downward the amplifier becomes very simple to design. 
The capacitance of the 6Y6G with its un-by-passed cathode resistor would 
be about 10 wuf. Adding another 20 uuf for d-c setter and driver, the total 
capacitance would become 30 yyf, yielding a reactance of 1,330 ohms. A 
current of only 


[= 3 = sssn = 0.8 mas (4-13) 


is required so that a 6AC7 tube could be used. A stage gain of 


gnR _ 9 X 10-* X 1,330 _ 
a at 2 = 


could be provided with single-coil compensation, say, of the series type with 
extended cutoff. 

Thus the amplifier has been carried down to the 1.3-volt input level, 
which is within the level of the line voltage supplied from the studio, 


6 (4-14) 
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4-4. Modulated Stage. The modulated stage in a television transmitter 
differs little from one intended for any general communication use. The 
usual requirement of linearity of output with applied modulation signal 
voltage must be met. In addition the capacitance of the anode circuit to 
ground must be held to a minimum in order to ease the burden of the 
modulator in supplying voltages uniform out to 4 Mc per sec. A push-pull 
class C modulated stage is clearly indicated as a solution to this problem. 
Because of the inherent balanced nature of the push-pull amplifier, no by- 
pass condenser is required at the low potential point on the anode tank. 
Instead, a small choke coil may be employed to feed the modulation volt- 
age to the tank center tap. The choke serves the quadruple purpose 
of (1) assuring a floating tap to take care of small inequalities in the two 
halves of the tank, (2) preventing the flow of radio frequency into the 
modulator circuits, (3) preventing the flow of radio frequency from higher 
power stages into the low-power modulated stage, thus protecting against 
over-all regeneration or self-oscillation due to unwanted feedback, and 
(4) acting as a part of the high-frequency compensation for the higher 
video frequencies. 

The modulated stage should be well neutralized. If the neutralization 
is imperfect, it will be found that even with zero-applied modulation 
voltage, a measurable and annoying residue of r-f output voltage will exist. 
The reason that this residual voltage is particularly undesirable in tele- 
vision transmitters is that a 90° phase-angle difference exists between the 
feed-through voltage and the voltage caused by plate current flow owing to 
applied modulation voltage. In receivers employing intercarrier sound, 
the sudden shift in the phase of the picture carrier causes a corresponding 
shift in the phase of the radio frequency applied to the FM discriminator- 
detector, and so gives rise to undesired video signals in the audio system 
of the receiver. 


_- Picture carrier 
- frequency OD 


ie ae cass 


| ) -° carrier 
frequency 
* 


Lower side band ‘Upper side band 
frequencies frequencies 


iq. 4-4. Band-pass frequency characteristic of idealized picture transmitter in accord- 
ance with FCC regulations. 

44.1. Band-pass Coupled Circuits. The tank circuit of the modulated 
stage must have a bandwidth wide enough to provide uniform output volt- 
age for the carrier and side bands, Since the side bands extend out to 
4 Me either side of the carrier, a full double-side-band stage would require 
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. . . 
Fig. 4-5. Coupled circuits as a band-pass transformer between amplifier tubes. 
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a bandwidth essentially flat for 8 Mc. With vestigial-side-band transmis- 
sion, the bandwidth may be narrowed, because the lower side band is 
attenuated, beginning 0.75 Mc below the carrier frequency, as shown in 
Fig. 4-4. 

The bandwidth required is thus 4 + 0.75 = 4.75 Me, instead of 8 Me. 
The circuit may take on any of the forms of band pass known in the art, 
but a convenient one is that which makes use of two tuned coupled cir- 
cuits, as shown in Fig. 4-5. The primary is connected to the anodes of 


Off -resonant frequency fy - f, =1.0 


lia. 4-7. Attenuation characteristic of two tuned circuits coupled to give a ‘‘flat”’ 
response exhibiting double peaks having peak rises of only 3% referred to the attenuation 
at the center resonant frequency of the two circuits. 


the modulated stage, while the secondary is connected to the input elec- 
trodes of the next succeeding class B linear r-f amplifier stage. Damping 
is provided either by resistors, by grid current, by the input resistance of 
the driven stage, or by combinations of these methods. 

The coupling conditions required may be mathematically determined by 
the use of equations developed by Hans Roder. An inspection of his uni- 
versal attenuation, shown in Fig. 4—6, reveals that a coupling slightly over- 
critical will give a wide band of practically uniform transmission, with but 
8% vise at the peak, which occurs at 0.707 times the frequency deviation 
which yields the same gain as at the mid-frequency, as shown in Fig. 4-7. 
The curve is an attenuation curve similar to the ones drawn by receiver 
engineers for selectivity with the “on-tune’ point shown as f, at 1.0 
times normal input, The specifications for the general attenuation curve 
ure 


82 TELEVISION PRINCIPLES [Src. 4.1 
Le n 
Ar 1-2(1- Pate (4-15) 
where z = a2 
Vn (4-16) 
ye frequency deviation from f, 
"resonant frequency f, ane 
1 
M:= ——— = ke? 
QQ: * i: 
1 Ae 
n=(~-+>- 
(+a) a 


k = coupling coefficient between primary and secondary 
Q: = Q of primary circuit 
Q2 = Q of secondary circuit 
An inspection of Eq. (4-15) shows that the cause of “peaks” is a nega- 
tive coefficient for the z? term. Thus critical coupling may be deduced to 
be that condition that yields a zero coefficient for the 2? term; é.e., at 
critical coupling, 


n 
=e (4-20) 
or 
n 
a 10 (4-21) 


Substituting the equivalences of n and m as given by Eqs. (4-19) and 
(4-18) in Eq. (4-21), 
oar Ot Sierra 
k= 3 (a3 + a) 
However, for the curve shown in Fig. 4-7, the coupling is slightly greater 
than critical, which is another way of saying that double peaks appear in 
the secondary response and that the coefficient of the 2? term is negative. 
Obviously /2m must then be less than 1.0. In the particular curve of 
Fig. 4-7, the value is 
n 
Sm = (0-05 (4-23) 
Furthermore, the specification for the desired attenuation curve calls for 
the radical in Eq. (4-15) to be equal to unity at f = f, + fi; thus 


1- 0.52;? + z4 oe 7 
or 


ve 26 
a. =V0.5 = 0.707 = — m 
1 ve (4-24) 


where 6, refers to the 6 for the edges of the pass band corresponding to fi. 
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Solving Eq. (4-24) for m, 


— (-24_\) _ go 
m = (ware = 86, (4-25) 
Substituting the m of Eq. (4-25) in Eq. (4-18), 
1 
k? = 85,2 4-26 
"tn ee 


Now let it be assumed that Q; is very high, as it must be if the transmititer 
is to be efficient. Then Eq. (4-26) would become, for an infinite Q:, 


k? = 88,2 (4-27) 
Solving Eq. (4-23) for n, 
Equating Eqs. (4-28) and (4-19), 
1 1\2 
ea he Wet 4-29 
(+) - 1% (4-29) 
Since Q: > Qe, Eq. (4-29) becomes approximately 
1 
agi = 128 (4-30) 
or 
VTS bj (4-31) 
Qe 


4-4.2. Band-pass Coupled Circuit: Secondary Series Tuned. For the 
moment let it be assumed that the modulated amplifier feeds a transmission 
line terminated in its surge impedance Z,. Furthermore, let it be assumed 
that the secondary is series-tuned and that X2 represents the secondary 
circuit inductive reactance. Then Q2, by definition, is 


xX 
Q: = z (4-32) 
Substituting Eq. (4-32) in Eq. (4-31) and solving for Zs, 
ag 
X, ART 
Z 

Xe = = ol 

vip 


or 
Z 
L, = ————_ 4-33 
/ Qf. Vv 12 On ( ) 
Now 6, = fi/f. from Eq. (4-17). Substituting this in Eq. (4-83) for 6, 
with Z, in ohms and f; in cycles per second, gives 


Ze B.0ee%s henrys (4-34) 


amv hh 
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Thus, for the sertes-tuned secondary type of coupled circuit, the impor- 
tant conclusion to be reached is that the secondary inductance is inde- 
pendent of the carrier frequency but is solely a function of the loading and 
of the bandwidth. 

Since the secondary is resonant at f, cycles per second, the secondary 
series capacity, with f, and f, in cycles per second and Z, in ohms, is 


C = 1 = fi 4 
> worl, 4n°f.?(0.046)Z, 
_ 0.55f; “ 
= Fife farads (4-35) 


In order to solve for the primary circuit constants, which are Iy, the 
shunt tank inductance, and C,, the shunt tank capacitance, the loading 
on the transmitter tubes must be assumed. That is, the tubes are assumed 
to work into a load of R, ohms to give, for instance, maximum power out- 
put within the ratings of the tubes. 

Now the resistance coupled in series with L,, due to the secondary load 
Z., is, by coupled circuit equations, 

2 
Ru = (4-36) 

This resistance in turn appears as a shunt resistance R., the tube load 

resistance as 


Reet (4-37) 


where X; = reactance of one branch of the primary-tuned circuit 
Substituting the value of Riz of Eq. (4-36) in Eq. (4-87), 


XZ, 
Ro= X.2 (4-38) 
Now the mutual reactance is 
Xm = kV X1X2 (4-39) 
Substituting Eq. (4-39) in Eq. (4-38), 
2 
Ragen (4-40) 


But Z./X2 = 1/Q2, which is V126, from Eq. (4-31). And k? from 
Kq. (4-27) is 86,. Substituting these equivalents in Eq. (4-40), 


_ XiV125 _ XivVia (4-41) 


ms 86," 84, 
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Solving Eq. (4-41) for X; and letting X1 be 1/#,.C,, C: may be solved for: 


x, = Soke _ 1 
* V1Q2 wi 


whence, with f; in cycles per second and R, in ohms, 


hg Vin. DA 
as 8 6,Ro ~ 8 (2nf. (7) 
0. 15 ‘0 
(4-42) 


> 16rf,R. fik. 


Thus the important conclusion is reached that the primary capacitance 
is independent of the carrier frequency but is solely a function of the tube 
loading desired and of the bandwidth. 


ye eth Ro Zo 


Ge 


0.367f, Rp 
i 


Frequencies in cycles per second 
/mpedances in ohms. (Zp is resistive) 
C, includes tube capacitance 


ia. 4-8. Formulas for band-pass cireuit constants in which the peak rise is 3%. 
Secondary series tuned, 
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The primary inductance ZL; may be determined from the usual resonance 
equation and, with f; and f, in cycles per second and R, in ohms, is 


L, = eS = 1 EA fik. 
+ @o2C1 — 4n*f,?C, — 4r*f.2(0.069) 
= ie he henrys (4-43) 


The above data may be summarized as shown in Fig. 4-8. 

4-4.3. Band-pass Coupled Circuit: Secondary Shunt-tuned. Another 
set of formulas may be developed for the coupled circuit wherein Z, is 
connected in shunt with ZL. and C2, so that the secondary is shunt-tuned 
rather than series-tuned. 

All of the equations up to Eq. (4-32) apply to either type of secondary 
circuit. In the shunt circuit, however, 


Q2 = fe (4-44) 


where R, = shunt load resistance 
X2 = reactance of the capacitive branch of the secondary tank 
Substituting Eq. (4-44) in Eq. (4-31), 


Xs _ Wis 
ad 12 6; 
X= BWek = 
WoC 2 
or 
a 
. Qnf.RoV 12 61 ( ) 


Now 6: = fi/f. from Eq. (4-17). Substituting f, in Eq. (4-45) for fudr, 

with R, in ohms and f; in cycles per second, gives 

is 1 0.046 
Qrf eV 12 firs 


Thus for the shwné-tuned secondary type of coupled circuit, the con- 
clusion is reached that the secondary shunt capacitance is independent” 
of the carrier frequency but is solely a function of the shunt loading and of 
the bandwidth. 

Since the secondary is resonant at f, cycles per second, the secondary 
shunt inductance, with fi and f, in cycles per second, and R: in ohms, is 


ee wee en 
wl,  4nf2C,  4nf,2(0.046) if? 


The resistance coupled in series with Z, of the primary circuit due to the 
secondary load R, is, by coupled circuit equations, 


C2 farads (4-46) 


Ly = 


Ry henrys (4-47) 


Rus eS (4-48) 
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This resistance in turn appears as a shunt resistance R., the load re- 
sistance presented to the transmitter tube, and is 


_X?_ Xvxs 

sg Ru X.2R: (4-49) 

Substituting 1/Q, for X2/Rz and substituting k?X,X» for Xm?, Eq. (4-49) 
becomes 

R, = vx: _ (4-50) 


~ RXiXQ. Qs 

but k? = 86,2 from Eq. (4-27) and 1/Q2. =V 12 6, from Eq. (4-31); hence, 

upon substitution, Eq. (4-50) becomes 

_ XivV128,_ XiV12 (ee 

86,” 861 

This is seen to be identical with Eq. (4-41) for the series-tuned secondary 

circuit type of coupled circuit. Thus the primary inductance and capacity 
will be the same as those given in Eqs. (4-48) and (4-42). 


Ro 


Given: Ro,Fe,to,h 


0.3674, Ro me Leth ROR: 
sty, : =) 
e 6 


Frequencies in cycles per second 
/mpedances in ohms 


C, includes tube capacitance 


Kia, 4-0 Formulas for band-pass ciroult constants in whieh the peak rise is 3%. 
Secondary shunt tuned, 
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The above data for the shunt-connected secondary-circuit type of 
coupled circuit are summarized as shown in Fig. 4-9. 

It has been noted in both Figs. 4-8 and 4-9 that C, includes the tube 
capacitance. It may sometimes happen that when C; is solved for, it 
comes out less than the tube capacitance. When this happens, it will be 
necessary to assume that C; is given instead of R,, and then to solve for 
R, in the equation for C,; thus 

0.069 
ee te 


Since F, is now lower than the value recommended for the vacuum tube, 
it will probably be necessary to reduce the plate voltage on the tube in 
order to prevent the plate current or the plate dissipation from becoming 
excessive. The result is that the output power available will be less in 
this case than for services other than television. 

In the mechanical layout of television transmitting circuits, greatest of 
care must be exercised to keep the stray capacity at a minimum if the full 
output capabilities of the vacuum tube are to be realized. 

4-5. Class B Linear Amplifier: Cathode-grounded. The power output 
of the modulated amplifier may be something in the order of a few watts, 
say 3 watts. The rating of the transmitter may be 5 kw. It is therefore 
necessary to provide sufficient linear radio-frequency amplification to 
obtain the high power required. 


(4-52) 


Fig. 4-10. Neutralized grounded-cathode push-pull radio-frequency amplifier with 
transmission-line-type grid and plate tuned circuits. 


There are two common methods of connecting vacuum tubes as class B 
amplifiers. The first method is that generally adopted for low-frequency 
transmitters and is the method wherein the cathode is operated at r-f 
ground potential. If screen-grid tubes are employed, neutralization may 
or may not be necessary, depending upon the residual coupling between 
input and output circuits of the stage. When triodes are employed, neu- 
tralization must be provided, The usual circuit arrangement employs two 
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similar tubes in push-pull. A typical triode-grounded cathode type of am- 
plifier is shown in Fig. 4-10. The second method of operation of tubes is 
in the so-called “grounded-grid circuit’ and will be dealt with in Sec. 4-6. 

4-5.1. Grid Circuit. The grid and plate tank circuits are shown as 
tunable “lines” and the neutralizing condensers as C,. The neutralizing 
capacitance is equal approximately to the internal grid-to-plate tube inter- 
electrode capacitance. The total lump shunt capacitance across the grid 
tank circuit is approximately 


Coop a 


where Cys, Cyp, and C,, are for one unit 
The reactance of this capacitance at the operating radio frequency must 
be tuned out by the transmission line positive reactance. The reactance 
of a transmission line short-circuited at the far end may be computed 
from the well-known relationship 
X, = Z,, tan ¢1 (4-54) 
where Z., = line surge impedance 
¢, = “electrical” length of line 
When air is employed as the dielectric, the electrical length of the line is 
given by 


Cor a Cop =f Cn (4-53) 
2 


= om radians = 3608 degrees (4-55) 
where s = length of line 
» = wavelength in the same units as s 
‘This reactance is, however, not the total reactance, since the “short- 
circuiting” element between the two conductors also has reactance. This 
reactance is, assuming a uniform conductor for the short circuit, 
X2 = Zo, tan ¢2 (4-56) 
where Z., = effective surge impedance of the shorting bar viewed from the 
nodal point as a two-conductor line 
¢, = electrical length from the nodal point to the point of short 
circuit 
For all practical purposes, the surge impedance of the short-circuiting 
bar may be estimated as being equivalent to that of a two-conductor trans- 
mission line having a conductor spacing equal to the distance from the 
nodal point to the short-circuit point. 
The impedance looking from the tubes into such a composite reactance 
is given by the equation for a transmission line terminated in an impedance 
Z», as shown in Fig. 4-11. 


x + tan $f 
Xi = Z| —————_ (4-57) 


1 — Xo tan | 


Zo 
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It is this value of reactance that must resonate with the tube capacitive 
reactance when the reactance of the shorting bar is taken into account. 


Fie. 4-11. Effective reactance X,{ looking into a transmission line of length ¢,’ and 
surge impedance Z,, terminated in a reactance X,». 


The surge impedance of two typical two-conductor lines are given by the 
following approximate formulas: 

1. Two-wire line, center-to-center spacing, D, wire diameter d, air 
dielectric, 


Zo = 276 logio “2 (4-58) 
2. Flat-strip line, spacing D, strip width b, air dielectric, 
z, = 322 (4-59) 


Thus a short-circuiting bar of essentially circular cross section having an 
over-all length of x would have an approximate equivalent surge impedance 
determined by a line made up of two wires, d units in diameter, spaced 
2/2, or 


() 

Zo, & 276 logio 2 & 276 login : (4-60) 
4-5.2. Plate Circuit. The plate circuit of the grounded-cathode am- 

plifier is computed in a manner very similar to that employed in determin- 

ing the grid circuit. The effective capacitance across the plate tank cir- 

cuit given by 


C. 


= Cox ate Coo IF Cs :. 
a ne yee (4-61) 


Ppp 


where Cx, C'pg, and C,, are for one unit. 

Equation (4-57) may then be employed to solve for ¢/ in order to deter- 
mine the length of the plate-circuit transmission line. 

4-5.3. Grid Loading. The grid circuit may be loaded by shunt re- 
sistance to give the required damping to provide the correct frequency 
response characteristic. However, direct tube loading does exist, which 
should be taken into account in calculating the amount of external loading 
resistance required. The first of these tube loadings is due to transit time, 
a factor of importauce at very high radio frequencies. ‘This conductance 
varies as the square of the frequency and directly as the g» of the tube and 
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hence varies with the excitation voltage. This is a particularly aggravat- 
ing effect in class B amplifiers, because the heaviest load appears when the 
maximum excitation is present. The output vs. input characteristic thus 
tends to take on the form of a saturation curve. Some compensative ac- 
tion may be obtained by operating the amplifier with slightly higher than 
ordinarily recommended class B bias, so that the tube output is held down 
for low-signal inputs; nevertheless, a change does take place in the fre- 
quency-response curve owing to variable loading. 

Another source of direct tube loading is that occasioned by grid recti- 
fication or conduction when the instantaneous grid voltage exceeds zero 
in the positive direction. The value 
of this resistance loading may be 
calculated with fair accuracy as fol- 
lows. 

Assume that the grid-bias voltage 
is E, volts and that the radio-fre- 
quency excitation voltage is E sin ¢. 
Then the grid voltage is given by 

e=E,+Esing (4-62) 
i i iq Fia. 4-12. Instantaneous grid voltage 
ee serie bie and grid current over one radio-frequency 


le. 
current will begin to flow when the acer 
vrid voltage becomes positive at that angle in the sine wave as determined by 


a = sin aia (4-63) 


and will cease to flow at the angle P 
eo =r7—a1=7—sin! Ez (4-64) 


If the instantaneous grid voltage and current during conduction are related 


by 
(4-65) 


tg 


S.1D 


where 7, is the slope of the e,, 7, characteristic, then the watts loss on the 
grid may be computed by 


Wang [Et Esined ag (4-66) 
2h Jos Ry 
1 ae E? 
== [ze + 2HE,sin¢ + => (1 — cos 26) | dp (4-67) 
Qnty Jos 2 
Integrating, 


2, 2 ae 
W = = . (n.% — 2HF, cos > + ve — # sin 24) (4-68) 
2rry by 


Library 


Mos tk ww Bio ass: Aca 
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Before substituting limits, by trigonometry and a consideration of 
Fig. 4-12, it will be seen that 


_ VE? — E2 
C08 08 Say (4-69) 
and that 
_-—VE— Kk? 
ak a RR aaa (4-70) 
Also from trigonometry, 
sin 26 = 2sin ¢ cos ¢ 4 
and for this special case, a 
e _»of( -B.VVE? — Be 
sin 2a, = 2 (FA) (4-72) 
and 
Pe ee Wes Ieee 
sin 2a, = 2( i \ E ) (4-73) 
-2((E 
E E 


Now substituting limits in Eq. (4-68), 


ees KE 1 — He elie 
W= Ser, [(z + a G — 2sin-! E ) + 4HE, S E we 


-E(RCEEEY] co 


a 4\E E 
This simplifies to 
sa iby E2 E? ; —£. eA 
"Se, eae ot — 2 sin E ) + 3H.V BE? — ES (4-75) 


Now the equivalent r-f loading resistance R,, to give the same watts loss 
is related to the grid voltage by ; 


_ (B/V2)? _ FE? 
W= bas aes = OR, (4-76) 


Equating Eqs. (4-76) and (4-75) and solving for R,, 


Tg 


0 => i ee 
H2 1 3 SB Oe, nO 
(as + 3){r — Baie SP) + Sef — 


The effective resistance is thus a function of the ratio of EB, to RB. A 
special case arises in the so-called “zero-bias amplifier.” In this case 
E, = 0, and hence Eq. (4-77) simplifies to 


R, = 2r, (4-78) 


Src. 6] RADIO TRANSMITTING APPARATUS . 93 


which means that the effective load resistance is equal to twice the tube 
grid-to-cathode resistance. The same conclusion may be said to hold when 
E> E. as a limit case; 7.e., if the exciting voltage is very high compared 
to the bias, the effective load resistance approaches 27, as a limit. The 
average value of r, for the 826 triode is approximately 1,000 ohms, being 
somewhat higher for low-excitation voltages. 

4-6. Class B Linear Amplifier: Grid-grounded. The difficulties attend- 
ant to grounded-cathode operation at very high radio frequencies, owing to 
(1) imperfect neutralization, (2) variable grid loading, and (3) generally 
higher circuit capacitance because of the added neutralizing condensers, 


Fia. 4-13. Grounded-grid amplifier circuit with input voltage e: and output voltage eo. 
‘9k = capacitance grid to cathode 


Cy» = capacitance grid to plate 
Cy = capacitance plate to cathode 
C, = capacitance cathode to ground 
I, = input tuning inductance 
L = output tuning inductance 
C = output tuning capacitance 
R = output load resistance 
4, = input current 
Z, = input impedance 


have caused a trend toward the use of grounded-grid amplifiers. The 
amplifier is usually arranged in push-pull form to obtain symmetry, but 
for purposes of analysis a single-tube amplifier will be considered, as shown 
in Fig. 4-18. 

It will be assumed that no d-c grid current flows; afterwards a modifica- 
tion will be made to take grid current into account. 

It is apparent that since the grid is grounded for radio frequency, the 
grid-to-plate capacitance may be included as a part of C, the plate output 
tuning capacitance; likewise, the grid-to-cathode capacitance may be in- 
cluded as a part of C,, the cathode-to-ground input tuning condenser; the 
plate-to-cathode capacitance cannot be combined with another and so 
must be treated in the analysis, If it is assumed that R, L, and C form 


94 ‘ TELEVISION PRINCIPLES [Sxc. 6.1 


an impedance Z,; that C, and L; form an impedance Z;; and that Cox be 
designated as an impedance Zz, a simplified diagram, Fig. 4-14, results. 


Fig. 4-14. Grounded-grid amplifier circuit redrawn for simplification for the purposes 
of circuit analysis. 
The following currents have been indicated in Fig. 4-14: 
2, = the input line current 
t2 = current through Z>; 
73 = current through Z; 
% = current through Z, 


The following current and voltage equations are then written: 


to = 12 + ty (4-79) 
13 = ty =te te = OF (4-80) 
6 = — et; (4-81) 
pe ep sarcvCp net 

dye HL (4-82) 

Tp 
A= a (4-83) 
Uy 

Co = —toLo (4-84) 
€1 = 13Z3 (4-85) 
Co —- & = tole (4-86) 


4-6.1. Voltage Gain. A solution will now be obtained for e,/e,, repre- 
senting the voltage gain of the amplifier. 
Substituting Eq. (4-81) in Eq. (4-82) for e,, 


— _ te + Ie +e 


ty a (4-87) 
Solving Eq. (4-79) for ip, 

1p = to — te (4-88) 
Solving Eq. (4-84) for 7,, 

i, = = (4-89) 
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Solving Eq. (4-86) for 22, 
. Cos ey 
a 4-90 
v2 ( Zs ) ( ) 


Substituting Eqs. (4-89) and (4-90) into Eq. (4-88) for 7, and 72, re- 
spectively, 


‘ —é Co 61 
= (A RSA. 4-91 
=| Z. (4-91) 


Substituting Eq. (4-91) in Eq. (4-87) for zp, 


= _ &e - ae (u Bae + (4-92) 
Solving Eq. (4-92) for x 
a ra A y z (4-93) 
eae: 


This is the complete solution for the voltage amplification. At low radio 
or audio frequencies, Z, approaches infinity, and so Eq. (4-98) reduces to 
the simple form of 


(ese sh 
fon typ  . Bdp td) _94 
ae Vil ta Tp + Zo (y 
ae 
0 «6p 


This is very similar to the gain of a grounded cathode amplifier except that 
nis replaced by » + 1 in the case of the grounded-grid amplifier. 

4-6.2. Input Impedance. The input or driving-point impedance is also 
of interest. This may be obtained from Eq. (4-83) by substituting for 71, 
as follows: Solving for 7, in Eq. (4-80) 


i, = 13 — 12 — tp (4-95) 
but from Eq. (4-85), 
b=F (4-96) 
3 


Thus substituting Eqs. (4-96), (4-90), and (4-91) for 23, 72, and zp, respec- 
tively, in Eq. (4-95), 


= aL be €o ey Co Ca == Si 
ig Z3 Zr + Lo + Ze 
eS See z)\ r 
=f4+$ <4 EB +f (z) (4-97) 
Thus 
ee ae: (4-98) 
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Substituting Eq. (4-93) for e./e: in Eq. (4-98), 


— (4-99) 


1 
1, _@F)/, + WZ) 
Zs 1+ (Zo/rp) + (Zo/Z2) 
This is the complete solution for the input impedance. At low or 
medium frequencies, Z; and Z, may be considered to be infinite in compari- 
son with other quantities, so that approximately 


Z 1 Rete va 


‘SGD atl aca 
1 + (Z./rp) 
If 4 > 1 and r, > Z,, Eq. (4-100) simplifies to the approximate value of 
1 
Aa pe Pies ak x 
Jeeta (4-101) 


The input impedance is thus resistive and in the limit case is equal to the 
reciprocal of the mutual conductance. This approximation holds, of 
course, only for small signals and for a class A amplifier. In the case of 
the class B amplifier, plate current flows but half the time, so that the 
effective plate resistance is twice the value for class A operation; for a 
class B amplifier, then, Eq. (4-100) becomes 


2rpn + Zo 


1= ei for class B (4-102) 
In a push-pull amplifier, the cathode-to-cathode impedance will be twice 
the above value, or 
dtp + 22, 
Lipp = Arie? for class B (4-103) 


where 7, = one tube’s plate resistance 
Z. = tank circuit load seen by each tube 
Since the plate circuit is also connected in push-pull, the plate-to-plate 
impedance is usually known and is twice the Z, for one tube; hence Z = 
Zopp/2, 80 that Eq. (4-103) becomes 
law) 4ry Be As 
Lipp = re +1 for class B (4-104) 

where Zopp is the plate-to-plate tank circuit impedance 

4-6.3. Conditions for Oscillations. The conditions for oscillation should 


also be examined. Letting Zs be infinity in Eq. (4-99), clearing of frac- 
tions, and rationalizing, 


a tp°(Ze + Zo) — Z2*(u + I)(rp + Zo.) — ZoZorpe Fs 
rp? ca Z2?(u 7“ 1)? (4-105) 
It is thus seen that since Z, is a negative reactance, Z, will have a nega- 
tive-resistance component if Z, is a positive reactance. The negative- 
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resistance term is given by the last term in Eq. (4-105), while a positive 
resistance is given by part of the second term. If the negative resistance 
is to exceed the positive resistance, 


ZLoa pe > —Zo2(u + 1)rp or Zoe >—Zx(u+1) (4-106) 
Since only the reactive component of Z, is of importance in determining 
negative resistance, Eq. (4-106) may be written as 
Xop >—Xe2(u + 1) (4-107) 
Thus if the plate tank circuit is lightly damped so that X. can develop 
to a magnitude comparable to X2, self-oscillation may take place. A 
heavily damped tank may not oscillate; also, if the frequency is low, Xe 
will be so high that a suitably high X, may not ordinarily be developed to 
cause self-oscillation. At ultrahigh frequencies, on the other hand, neu- 
tralization may be needed in order to prevent self-oscillation. 

4-6.4. Driving Power. The driving power required for a grounded-grid 
amplifier consists of four parts. One part is due to the Z; found in Eq. 
(4-102). This part is e:? divided by the resonant value of Z; and is 

a é1°(u + 1) ee 
Wa= ays (4-108) 
where R, = value of Z, when tuned to resonance 

The second part of the driving power is that due to rectified grid-current 
flow. This part is! 

Wa, =V2 el, (4-109) 
where J, = d-c grid current 

A third part of the driving power is that due to Z; when tuned to reso- 
nance and is 


Wa = < (4-110) 
a R; 
where R; is the resonant impedance of Z; 
The fourth part of the driving power is due to finite transit time and is 
given by 
e;? 
Wa=> (4-111) 


where R, = resistive component of the tube input impedance. The exact 

value of R, is a function of the particular geometry of the tube elements, 

which is symbolized by K in the expression 
1 


= Eph (4-112) 


Ry 


where gm = mutual conductance 
f = frequency, in cycles per second 
T = transit time, cathode to grid 
'Thomas, H. P., Grid Driving Power of R, I’, Amplifiers, Proc. TRE, August, 1933, 
p. 11384, 
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The total driving power is the sum of the above four parts. 
MRP ok pra ee 4) | , 
Wa @ ey alt an i aE R; cle R, (4 113) 


4-6.5. Output Power. The output power of a conventional class B 
amplifier is given by 


W C5" { 11 { 
Ro ( ) 
where Ro = value of VAS at resonance 


Writing 2r, for r, in Eq. (4-94) to take care of the class B case and solving 
for eo, Rata 1) 
= SUONIS cu 
en she ry (4-115) 
Substituting Eq. (4-115) in Eq. (4-114) for e,, 
_ erRo(u + 1)? 
(2rp + R.)? 


But the watts output from a conventional grounded-cathode class B 
amplifier is 


W. for class B (4-116) 


e177 Rou 
W.= Gr, + Bo? 7k rr (4-117) 


Fia. 4-15. Ratio of output power increment resulting from grounded-grid operation 
to the driving power as a function of the ratio of the tube plate resistance to the load 
resistance. Since ratios of rp to R, in the vicinity of 0.5 yield a power ratio of unity, the 
statement is sometimes made, loosely, that the excessive driving power of a grounded- 
grid amplifier appears as useful power output. This condition, however, appears to be 
merely a coincidence. 


Thus the extra power as indicated from Eq. (4-116) is in reality due to 
a transfer of at least part of the cathode cireuit input power to the output. 
The excess of Eq. (4-116) over Eq. (4-117) is given by their difference and is 
e"Ro(2u + 1) 


AW, = (2r, + R.)? 


(4-118) 
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The actual portion of the cathode power transferred to the plate is the 
ratio of Eq. (4-118) to Wa, given by Eq. (4-108), or 


Ro(Qu + 1) T2rp + a S ) Rite +d 


Ratio = Re et ee (u+ 1)(2rp, + Ro 


Since R, is usually about twice r,, this ratio is nearly unity; if » > 1, 
Eq. (4-119) becomes approximately 


5 119) 


Ratio = i eew} (4-120) 
This function is shown plotted in Fig. 4-15 as a function of r,/R,. For 
example, in the case of a 9C27 tube, r, = 1,400 and the recommended 
value for A, is 2,000; thus r,/R. = 1,400/2,000 = 0.7; from Fig. 4-15, 
AW./Wa, = 0.833. 
4-6.6. Anode Input Power. The anode input power is given by the 
d-e plate voltage H, times the d-c plate current Iz, or 


Win = Exley (4-121) 
Since the plate current flows in half-sine waves, the average value of 


which is 1/m times the peak or maximum value, Eq. (4-121) may be ex- 
pressed as 


Win = eels (4-122) 
Tv 
Now Imax is related to the plate voltage by 
Ro b E b — €min = 
ilies ee (4-123) 


where €min = value of the instantaneous plate voltage at the instant the 
plate current attains the value of Imax 
Thus, solving Eq. (4-128) for Imax and substituting in Eq. (4-122), 


= 2H, (Ey, a ae, 
Ro 


Thus, in the case of the 9C27 tube, with HZ, = 10,000, emin = 1,000, and 
R, = 2,000, 


Win (4-124) 


_ 2 X 10,000(10,000 — 1,000) 


Win = 72,000 = 28.7 kw (4-125) 


The output power may be computed from Eq. (4-116), where p = 32, 
¢, = 470, and r, = 1,400, and is 
470? x 2,000(32 + 1)* 
(2 X 1,400 + 2,000)? 
The dissipation is thus 28.7 — 20.0 « 7.8 kw, which is well within the 
tube rating of 25-kw dissipation, a 


Wm = 20.9 kw (4-126) 


' Library 
) 5) | U ©) Central Waehlation College 
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4-7. Over-all Considerations. A linear amplifier chain is computed 
beginning with the output stage and working backward stage by stage. In 
each case the preceding stage must be designed to provide the driving 
power required of the stage in question. 

In order to attenuate the lower side band to the degree required by the 
FCC regulations, it is sometimes necessary to employ resonant “traps” 
for frequencies in the attenuation band. These can take on the form of 
lumped circuits or of sections of transmission lines adjusted to provide 
the required resonant frequencies. A detailed study of traps will be made 
later in connection with receiver intermediate-frequency amplifiers. 

4-8. Grid-bias Modulation. Another basic design for a television trans- 
mitter may make use of high-level grid-bias modulation of the output stage. 
The advantage of this system is that no class B radio-frequency amplifica- 
tion is needed, so that once set up it is relatively simple to maintain the 
transmitter in good operating adjustment. The modulator is designed 
in a manner similar to that already considered for the low-level plate- 
modulated amplifier except that the power level may be somewhat higher. 

Grid-bias modulation, as the name implies, consists in modulating the 
grid-bias voltage of a radio-frequency amplifier to control the output in 
accordance therewith. Efficiencies somewhat higher than those obtained 
in class B amplifiers are obtainable. For example, an 814 beam-power 
amplifier operating as an audio-frequency-modulated telephone trans- 
mitter tube with grid-bias modulation can yield a power output of 29 watts 
carrier with a plate input of 75 watts, yielding an efficiency of 38.6%. As 
a class B r-f amplifier, the corresponding figures are 25 watts carrier with 


a plate input of 75 watts, yielding an efficiency of 33.3%. The reason for 


the increased efficiency for the grid-bias modulated condition is that it is 
possible to provide a somewhat higher d-c initial bias when the bias is 
modulated, and as a result the plate current flows over a smaller opening 
angle, which provides the improved efficiency by reducing plate losses. In 
the case of the 814 tube, the d-c bias is — 100 volts for grid-bias modulation 
but is only —28 volts for class B r-f amplifier service. The same sort of 
data apply to all tubes whether screen-grid types or triodes. 


PROBLEMS 


4-1. The equation for the secondary voltage of the coupled circuit is expressed ag 
attenuation in the form 


A= 1—2(1- se ate 


(a) Derive.the equation to express the peak rise as a function of n/2m, where the peak 


1 
rise is (5 — 1), where Amin is the minimum value attained by A as z is varied from zero 
min 


 towArd/infinity, 
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(b) Derive the equation which determines the value of z, which will cause A to be a 
minimum for any selected value of n/2m. 


(c) Plot the results of parts (a) and (b) for values of ( ro _ 1) from 0.01 to 1.0; 


( a = 1), or peak rise, is the abscissa. Use semilog paper. 
Answers: 
1 
(a) Peak rise = R = (4 = 1) = ps - 1 


a‘ 1 
(b) 2p = 1—R+p 


4-2. A push-pull grounded cathode neutralized class B stage employs two 826 triodes. 
The following tube data are given: 


Cor = 3 yf 
Cop = 3 wut 
Oe 4 dal 


The grid tank circuit is made up of two flat copper straps 1 in. wide and spaced 1 in. 
apart. The short-circuiting strap is also 1 in. wide. 

(a) Compute the length of line needed to tune the grid circuit of this amplifier to a 
frequency of 213 Me, assuming no inductance within the tube itself. 

(b) Suppose that the grid circuit tunes to 325 Me, with zero length lines but with a 
short-cireuiting strap 1 in. long and 1 in. wide joining the tubes. What is the apparent 
inductance of the tube leads? 

(c) What is the line length required to tune the amplifier at 213 Mc if the internal 
(ube lead inductance is taken into account? 

Answers: 

(a) 3.41 in. 
(b) 0.0453 microhenry 
(c) 2.16 in. 

4-3. (a) Compute the driving power of a grounded-grid amplifier consisting of one 
C27 triode operating class B. 

Tube data: 

Amplification factor » = 32 
Plate resistance rp = 1,400 ohms 
Transit-time resistance R; = 5,000 ohms 

Operating data: 

Input circuit resistance Rs; = 2,000 ohms 
Driving voltage e: = 470 volts rms 

D-c grid current J, = 0.58 amp 

Plate load resistance R, = 2,000 ohms 


(b) What is the effective value of the input resistance as a summation of all of the 
loadings, t.e., due to Wa, Wa, Wa, and Wa,? 
(c) What is the Q of the circuit Zs (Fig. 4-14) if the capacitance is 70 uyf and the 
frequency is 55.25 Mc? 
Answers: 
(a) 2,060 watts 
(b) 107 ohms 
(c) 48.5 for circuit; 2.6 over all 


CHAPTER 5 
ANTENNAS FOR TRANSMISSION AND RECEPTION 


5-1. Simple-dipole Transmitting Antenna. The type of antenna suitable 
for television transmitter service differs from that for telephone service in 
that the impedance at the driving point should remain reasonably uniform 
over the television band and so must be of the broad-band type. 

The impedance vs. frequency characteristic of a simple wire antenna 
may be represented by a special circle diagram.! The coordinate axes are 


4000 


+2000 +4000 0 =4000  -2000 


Fig. 5-1. Circle diagram of the impedance of a dipole made of a pair of rods 3.5 em 


1 am . um. the el efe: t d CL 
n di eter The ni bers on hi circle I r to ae mal portions of the natural wave- 


in ohms with the resistive component shown vertical and the reactive com- 
ponent shown horizontal. Negative reactance is shown to the right, and 
positive reactance to the left. The resultant diagram is then a clookwisk 
inwardly rotating spiral as the frequency increases. The impedance be- 
tween the end of the antenna wire and ground is then read off the 
curves directly as R + jX ohms. R refers to the radiation resistance 
1 Sie el ie « di thie ide My } 
PR rok 4 ee rstand von Antennen, Hoehfr. Techn, und Elek= 
102 
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and X to the reactance. The ground is supposed to possess infinite 
conductivity. 

In short waves, such as used for television, an actual ground is seldom 
used because of poor conductivity. Instead, a length of wire may be used; 
and if the length of it be the same as that of the antenna proper, the whole 
is given the special name of “dipole” or “doublet.” The dipole may be 
suspended in any direction, although in the case of television in the United 
States, it is suspended with the wires parallel to the earth’s surface to 
provide a horizontally polarized electric field in accordance with the FCC 
standards for television. 

The impedance of a dipole made of a pair of rods 3.5 em in diameter is 
shown in Fig. 5-1. The figures shown on the curve may have two possible 
interpretations. The first is that if the antenna length is assumed to be 
constant, the figures represent frequency, with the frequency arbitrarily 
set at unity for a full-wave antenna. The second interpretation is that if 
the frequency is assumed to be constant, the figures refer to the antenna 
length in wavelengths, with unity indicating one wavelength. 

5-1.1. Equivalent Lumped Constants for Simple Dipole. Since the 
length of the antenna is assumed to be half of a wavelength at the middle 
of the frequency band to be transmitted, operation will be confined to that 
region on the diagram where the reactance is negative below resonance and 
positive above resonance; thus a series-resonant circuit may be used to 
simulate the antenna in studying its behavior, because those are the charac- 
teristies of a series circuit. The lumped constants simulating the antenna 
performance will be derived. 

The doublet may be regarded as a two-wire transmission line with a 
surge impedance Z,. There are several approximate formulas for comput- 
ing this surge impedance; however, the following formula has been found 
to check experimental observations very closely and will therefore be used 
in the treatment to follow: 


Z, = 120 log. % = 276 logy ~ (5-1) 
d d 


where a = antenna length tip to tip 
d = antenna-conductor diameter 
From transmission-line theory it is known that looking from the sending 
end, the reactance of an open-circuited transmission line is expressed as a 
funetion of frequency f by 


X, =—Z, cot os —Z, cot xf (5-2) 


2 fo 

where @ = electrical length of the antenna from tip to tip 
f, = frequency for half-wave resonance 

Vor a half-wave antenna, @ & 180° e a radians. 
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Now a series circuit consisting of an inductance L and a capacitor C has 
the following reactance: 


Xe = 2nfl — (5-3) 


2 nie: 

In order for this circuit to be equivalent to the antenna, not only must 
the net reactance be the same at one frequency, but it must be the same 
over a range of frequencies; that is, the two curves must have the same 
slope. Thus, differentiating X1 in Eq. (5-2) with respect to f, 


dX, _ 4 (_y oop Ht) — Zor cans of 
ag ~ apl—Zo et Gh) = Be ove “— 
Likewise, differentiating X, in Eq. (5-3) with respect to f, 
aX, d 1 
df = $2 afL — 9 le QrL + 5G a “4 
Setting Eqs. (5-2) and a equal to one another and solving for ——; 2 a 
wee is af 
oe F = Z, cot of, + 2nfL “4 
Setting Eqs. (5-4) and (5-5) equal to one another and solving for ——~ 5) = 
1 0 
ak csc? eS 2nfL (5-7) 


2nfC  , fo 


Setting the right-hand aie of Eqs. (5-6) and (5-7) equal to one 
another and solving for 2xfL, 


; Z,/__¢ o 
2afL = 3( 3 7 cot ») (5-8) 


Likewise, from Eqs. (5-6) and (5-8), 
1 a 7) co) 
aye ate + cot = 5- 
aay a(; sin? $ J “ 


Since the radiation resistance of a half-wave doublet is known to be 
73 ohms, this, in connection with Eqs. (5-8) and (5-9), permits solving for 
the equivalent lumped circuit. Since ¢ = 180° for the half-wave doublet 
Kgs. (5-8) and (5-9) become for this antenna length 


Qafol, = 7 (5-10) 
and 
ask all 
QnfC a (5-11) 
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whence 


Zs * 
L= 8f, (5-12) 
and a 
C= Tole (5-138) 


5-1.2. Compensation Network for Antenna Reactance. The series cir- 
cuit, consisting of L and C of Eqs. (5-12) and (5-13), may be treated as a 
series section of a band-pass filter, as shown in Fig. 5-2. 


C; L, 


Pe a R 


Fig. 5-2. Band-pass filter of the constant-K type. 


This circuit will provide uniform current through F over a frequency 
band extending from f; to fz cycles if the circuit constants conform to 
band-pass filter design formulas as follows: 


ae ts fiapade (5-14) 
Mea na 75 henys (5-15) 
G= 2 ae Ayr rds (5-16) 
a sare a henrys (5-17) 


where f2 = upper cutoff frequency 
fi = lower cutoff frequency 
Setting Eqs. (5-12) and (5-15) equal to each other, the maximum value 
that Z, may have and still give the required filter constants, can be solved 
for. Thus ary 
Vir = eee (5-18) 
(fo — fr) 
Thus, if f, = 60 Me, f, = 54 Me, f. = 57 Me, and R = 73 ohms, the 
maximum value of Z, becomes 


Zones = SB XS _ 4.770 ohms (5-19) 
(60 — 54) 


The question is, What size is the antenna conductor which will meet 
this requirement? Returning to Bq. (S-1), the surge impedances for an- 
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tenna conductors of various diameters may be solved for. The dimension 
a for a half-wave antenna at 57 Mc is 


a= —— = — = 2.63 m = 103.5 in. (5-20) 
fore 


A plot of Z, vs. d in inches is shown in Fig. 5-3. An inspection of this 
curve shows that a surge impedance of 1,770 ohms is readily obtainable. 


1000, 


800 IN 


600 
Zo 


400 


200 


0.01 O1 1 10 100 
d, inches 


Fia. 5-3. Surge impedance of a half-wave antenna at 57 Mc as a function of the con- 
ductor diameter in inches. The dipole length is 103.5 in. 


In fact, a good self-supporting antenna might have a diameter of 1 in., 


yielding a surge impedance of 556 ohms. The bandwidth could then be 
solved for in Eq. (5-18) as 


fe p, = Shh _ 8X 73 X 57 
ids Tes: 1556 


This is approximately three times the required bandwidth and should 
be almost wholly resistive in the interested portion from 54 to 60 Me. 

The shunt-tuned circuit of Fig. 5-2 may be replaced by a quarter wave- 
length transmission line short-circuited at the far end. The surge imped- 
ance Z,, of the quarter wavelength line is adjusted to give the transmission 
line the same reactance curve as the lumped constants over the frequencies 
of interest in a manner similar to which Eq. (5-12) was developed for the 
series-tuned circuit. The surge impedance in this case becomes 


= 19 Me (5-21) 


r? 
Z, = why (5-22) 
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Substituting the value of Lz as specified by Eq. (5-17) in Eq. (5-22), 


. aR(f2 — fi) 2 — fi) 

Dy ae (5-23) 
It is of interest to note that if the Z, of the antenna is multiplied by the 
Z., of the short-circuited line, the product obtained is R’, where F is 
the radiation resistance of the 
doublet, in this case, 73 ohms. 
It should be noted that the f. 
and f; to be inserted in Eq. 
(5-23) must be determined not 
by the band to be passed but 
rather from the results of solv- 
ing Eq. (5-21), which, if done, 
yields for Eq. (5-23) the value 

already mentioned, 7.e., 


Fic. 5-4. Compensating quarter-wave short-cir- 
Fp R? (5-24) cuited line connected across the center opening of 
os a half-wave dipole. Impedance at AB is R ohms 


Zo 
; ‘ over a band f2 — fi cycles wide. The feeding line 
Figure 5-4 illustrates the should be connected to A and B. 


data given above. 

5-2. Turnstile Antenna. The turnstile antenna receives its name from 
its physical shape. It is an antenna system employing two horizontal 
dipoles mutually perpendicular and provides a radiated field pattern that 

A is more or less uniform in the horizontal 
plane. The two dipoles are excited 90° 
apart in time phase to provide the uni- 
form pattern. The magnitudes of the 
currents are the same. 

A convenient way of exciting the sys- 
tem is shown in Fig. 5-5. 

The transmission line Z, from the 
transmitter is connected to the inner 
terminals of dipole A. A second line 
one-quarter wavelength long, having a 
surge impedance Z,,, is connected from 
Via. 5-5. Turnstile antenna with 90° the inner terminals of dipole A to 
phasing link having surge impedance Z the inner terminals of dipole B. The 
ohms. The main feed line from the trans- quarter-wave line provides the required 
mitter has a surge impedance Z, ohms. 90° phase lag between the two antenna 
currents. If R is the radiation resistance of each of the dipoles, then, 
in order to provide equal currents, 


Z,=R (5-25) 
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and thus the surge impedance of the principal line becomes 


R 
Z=5 (5-26) 


if it is to be terminated in its surge impedance without. impedance trans- 
formation. , 

An important compensating action is obtained by this connection in 
that the reactance developed by one dipole tends to be canceled by that 
of the second when transferred through the quarter-wave line. Thus the 
total load on Z, tends to remain resistive over a wider band of frequencies. 
For example, let the two dipoles be similar, each having a surge imped- 
ance Z, ohms. Then the impedance of each will be 


Se eee 
Z = R — jZ, cot 3 (5-27) 
where ¢ = electrical length of antenna from tip to tip 

Looking at this impedance through a section of line ¢; units long and 
having a surge impedance Z,, ohms, Z appears as 


Z eon 
Vu gi +7 sin g1 
VAL a O71 


1 Vian 
Z., (i TZ, sin ¢1 + cos 2) 


Substituting Eq. (5-27) in Eq. (5-28) for Z, and remembering that ¢ = 2¢,, 
and that Z,, = R, 

1 + j(tan § = 7 cot $) 
$ 


Litres 
1+. +jtan 5 


Z’=R (5-29) 


Now the total impedance terminating the principal transmission line Z,, 
Fig. 5-5, consists of Z’ in parallel with Z of Eq. (5-27). Calling the total 
impedance Z;, this impedance becomes 


ZZ’ 
Z,= Z4+7 (5-30) 


Substituting Eqs. (5-27) and (5-29) in Eq. (5-30) for Z and Z’, re- 
spectively, 


Ze , Z 
he Zi te g + jh (tan £ - tee cot $) 


Zi = 
R+ Zot (x tan? — Z, cot ¢ — 22 oot $) 


(5-81) 
9° OR” 3 


(5-28) | 
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In order to illustrate the point in question, let R = 73, Za = 500, and 
= 160° (this is 20° less than the resonant value of 180°). Then from 
Kq. (5-27) 

Z = 73 — j500 cot 80° = 73 — 788 = 144 Z —50° (5-32) 


or the reactive component is 1.2 times the resistive component. 
Substituting the same values in Eq. (5-31), 


Z, = 30.3 + j13.9 = 33.4 225° (5-33) 


or the reactive component is 0.46 times the resistive component. 

5-3. Broad-band Antennas. While the antennas discussed up to this 
point possess some degree of broad-band performance, antennas of special 
design have appeared that possess broad-band characteristics without the 
necessity of compensating circuit connections 

One of these was used for several years by WNBT on the Empire State 
Building in New York City. The radiating elements consisted of four 
large Indian-club-shaped! metallic members arranged as a turnstile 
antenna. 

The general principle of antennas of this type is to produce a traveling- 
wave effect rather than a standing-wave effect, and hence avoid the reso- 
nant condition associated with the standing-wave antenna. For example, 


10) : 
0 “02 \04 06 ‘08: “10: ' 
Distance from center 


i'iq. 5-6. Current distribution along two antennas as a function of the distance from the 
center to the open end. Note the sinusoidal distribution for the thin-wire antenna as 
compared to the more uniform distribution of the double-cone antenna. 


a common type of traveling-wave antenna is the resistance-terminated 
rhombic. The current is uniform in magnitude throughout the length 
of the antenna wires. Such an antenna may be used, without tuning, 
over a frequency range of 2 to 1. 

An effect almost like the resistance-terminated antenna may be ob- 
tained by expanding the breadth or cross-sectional dimensions of the 
radiating element progressively with the distance from the feed point. 
igure 5-6 shows the comparative current distribution obtained with two 
antenna structures. Curve | is the usual sinusoidal distribution obtained 


' Carter, P, 8., Simple Television Antennas, RCA Rev., October, 1939, 
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with an antenna having uniform cross section, as shown in diagram 1 at 
the right. Curve 2 shows the uniform current distribution obtained with 
an antenna having a uniformly expanding cross 
section as illustrated by the double-cone dia- 
gram 2 at the right. Only at the last 5% of 
the cone antenna does the current depart from 
a uniform distribution. 
The ‘“‘batwing”’ antenna, which is currently 
being used by a number of television trans- 
Fic. 5-7. Sketch of the “bat-  mitters, is another example of an antenna, 
wing” broad-band antenna. 0h has the desirable characteristics of uni- 
form current distribution and which also is much superior to the double-cone 
antenna in that wind and ice loading is a much less serious factor, because 
of the open areas in the batwing construction, as shown in Fig. 5-7. 

5-4. The Diplexer. By the use of a unit 
called a ‘diplexer’ it is possible to feed an 
antenna system with sound and picture trans- 
mitters simultaneously and without mutual in- 
terference. This scheme thereby reduces the 
physical number of radiating elements by half, 
which greatly simplifies the antenna construc- 
tion problem. A schematic diagram of a di- 
plexer is shown in Fig. 5-8. 

Two generators, indicated by e and es, re- 


Fig. 5-8. Schematic diagram 


spectively, feed two equal loads R and R in a 
bridge circuit. Inductance L and the two con- 
densers 2C tune to the frequency of ¢. e is 
balanced with respect to ground. Owing to 
symmetry of the circuit, no current due to e 


of a diplexer using lumped con- 
stants. ¢, and e2 represent the 
two transmitters. The two 
load resistors R are physically 
the radiation resistances of two 


crossed dipoles in turnstile ar- 
rangement. Two transmission 
lines are required between the 
1 diplexer and the antennastruc- 


= LC (5-34) ture. 


flows in the mid-tap circuit through e:. On 
account of the resonant condition 


wy? 


the impedance presented to e; is, neglecting losses in L, 
Z, = OR (5-35) 


The impedance presented to 2 is, owing to the symmetry, 


‘ 1 j 
Zo = Re +jX2=Z+ 2(# = 33) (5-36) 


Equating the real parts of Eq. (5-36), 


R 
ia = 5 
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Equating the imaginary parts of Eq. (5-36), 


1 

=X = Sar 5-38 
snes 4a2C ( ) 

where jX = Z 
Setting X, equal to zero to establish the value of X for unity power factor 
load for és, , : 4 
= 5-39 

0 a x 4 4w.C vd a 4a.C ( 


Thus X should take on the form of a positive reactance as provided by an 
inductance L, in the equation 


1 a5 aie 1 (5-40) 


wel, = Rast me 4wo2C 


Thus the Z in Fig. 5-8 should be replaced by the inductance Lz as solved 
for in Eq. (5-40). 

a eee the picture transmitter, while e2 may represent the 
sound transmitter. One of the loads h may be one of the two crossed 
dipoles of a turnstile section, while the other R is the second of the two 
crossed dipoles. Thus in one turnstile section, radiation is effected for 
both sound and picture without mutual interference or cross talk. In an 
actual operating circuit, of course, ¢: may be induced across L from a pri- 
mary coil coupled to L. In this way the magnitude of the load 2k may 


No.1 transmitter 


Fic. 5-9. Practical circuit of a lumped reactance type of transmitter diplexer. 


be adjusted to match the transmitter tubes that provide ¢. Vane 
¢, may be provided as an induced voltage in L2, so that the load R/ or 
¢y may be adjusted to the tubes that provide ez. Thus the practical cir- 
cuit may take on the form shown in Fig. 5-9. , 

R and R of course will usually take on the physical forms of transmission 
lines leading to the dipoles, each line having a surge impedance of Z. - R. 
The dipoles are connected to the lines at their far ends to terminate the lines 


each in 2 ohms to provide matched loads, 
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At very high and at ultrahigh frequencies, the tuner circuits and reac- 
tances shown in Fig. 5-9 may be replaced by appropriate sections of trans- 
mission lines. 

5-5. Folded-dipole Receiving Antenna. The television signal, having 
been radiated into space from the transmitter antenna system, is picked 
up at a distant receiving point by a suitable receiving-antenna system. 
The receiving antenna differs from the transmitting antenna in that it 
must cover all channels from 54 to 88 Me and from 174 to 216 Me, whereas 
the transmitting antenna for any one transmitter merely covers one 
6-Mc-wide channel. 

At present there is no simple single antenna that will cover all of the 
channels efficiently, although some of them are sufficiently effective that, 


_7 Transmission line 
4 


—— Toreceiver 
Fic. 5-10. Folded-dipole receiving antenna. 


given adequate field strengths, a satisfactory over-all performance may be 
obtained. The simplest antenna is a single folded doublet having a tip- 
to-tip length of about 8 ft, as illustrated in Fig. 5-10. The folded dipole 
is, in effect, an impedance transforming antenna. When the length s is 
a half wavelength, the antenna resistance appears to be approximately 
300 ohms at the feed points AB. Actually, owing to end effect or to 
fringe flux at the ends, the length s is usually about 95% of a half-wave in 
space for the resonant condition. Therefore the 8-ft antenna will have a 
resonance at 
Te 150. 150 
°~ 8/0.95 ~ (8 X 0.305) /0.95 


= 58.3 Me (5-41) 


where s = antenna length in meters 

0.305 = conversion factor by which to multiply feet, to obtain meters 
Thus the 8-ft antenna resonates about midway in channel 2, which extends 
from 54 to 60 Me. 

The folded dipole has some of the characteristics of a broad-band antenna 
system.’ One-half of the folded dipole may be regarded as a hairpin, 
Fig. 5-11, having one end grounded and the other end connected to a 
driving voltage source e. The voltage e will cause two currents to flow. 
One is the current effective in causing radiation, while the other is a cireu- 


1 Roberts, W. van B., Input Impedance of a Folded Dipole, RCA Rev., June, 1947, 
p. 289, 
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lating current around the closed resonant quarter-wave loop. Figure 
5-11b shows these circuits in their equivalences with the nonradiating 
short-circuited loop drawn horizontally close to the earth. This circuit is 
directly comparable to that shown in Fig. 5-4. The impedance of the 
nonradiating line Z,, presented to the terminals of e as the frequency de- 
viates from quarter-wave resonance will have an opposite reactance sign 


“Zo, 


(a) (b) 
Fic. 5-11. (a) One-half of folded-dipole antenna. (6) Approximate equivalent circuit 
to show wide-band compensation side circuit with surge impedance Z,. 


from that reactance presented to e by the radiating element, and thus a 
degree of compensation will result that tends to cancel the development of 
high reactance; since high reactance is associated with narrow band and 
since low reactance is associated with broad-band systems, the folded 
doublet may be regarded as a moderately broad-band system. Since the 
54- to 88-Me band may be regarded as 71 + 17 Me, it is equivalent to 
f, + 0.24f,, or as a variation from the center frequency of + 24% so that 
reasonably good compensation is possible, a folded doublet is effective over 
the lower television band. 

The impedance-transforming properties of the folded dipole may be ex- 
plained by first considering the two conductors as being a single antenna 
clement and therefore having a radiation resistance of 73 ohms at half- 
ave resonance. Let this resistance be called R. The total current flow 
would then be 

tt — (5-42) 
and the radiated power would be 
W, =i?R (5-48) 

Now in the folded-doublet connection, the same power is radiated; yet 
at the feed point but one-half the current flows. Thus, if R, is the effective 
resistance of the antenna system referred to the feed points, 


W, = (‘)) n. (5-44) 
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Equating Eqs. (5-48) and (5-44) and solving for R,, 

R, = 4R (5-45) 
Thus, since R = 73 ohms, R, = 4 X 73 = 292 ohms, which is sometimes 
given the round number of 300 ohms. 

It is evident that the resistance R could be transformed by this process 
to still higher values. If one out of n equal elements is fed from a gen- 
erator, the resistance presented to the generator becomes 

Ro = WR (5-46) 
Thus R, would take on successive values of 73, 292, 657, and 1,168 ohms 
as n took on respective values of 1, 2, 3, and 4. 

Intermediate values of R, may be obtained by making the two con- 
ductors have unequal diameters. In this case, the total current 7; would 
not divide equally between the two conductors, and hence a wide choice 
for R, is made possible. Roberts shows that the value of R, for a two- 
element antenna may be calculated with fair approximation from the re- 
lationship 


Ro=Rk (1 ap al (5-47) 
2 


where Z, = surge impedance of a hypothetical transmission line made up 
of two conductors having diameters equal to the diameter of 
the conductor connected to the generator, and spaced apart 
with centers, separated the same distance as the two elements 
of the actual folded dipole 
Z2 = surge impedance of a hypothetical transmission line made up 
of two conductors having diameters equal to the diameter of 
the conductor not connected to the generator and separated 
apart with centers spaced the same distance as the two ele- 
ments of the actual folded dipole 
Thus, if the fed conductor had a diameter of 0.1 in., while the other had 
a diameter of 1 in. and the center-to-center spacing were 6 in., then, from 
Eq. (5-47), 


Rp = 73(1 + 575498)? = 73 X 8.6 = 628 ohms (5-48) 
On the other hand, if the 1 in. conductor had been the fed one, 
R. = 73(1 + 298675)? = 73 X 2.38 = 168 ohms (5-49) 


5-6. Folded-dipole V Antenna. The same folded dipole with unaltered 
dimensions will perform as a 3\/2 antenna on the high-frequency television 
band of 174 to 216 Me, but instead of the figure 8 directivity pattern in the 
horizontal plane as obtained on the low band, the multiresonant antenna 
will have six ears. Two of the ears will lie in the same direction as the 
low-frequency lobes, i.e., perpendicular to the direction of the antenna con- 
ductors, but these ears are not the most prominent, The remaining four 
ears are equal to one another and lie 41° off the line of the conduetors, A 
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much more satisfactory antenna would result if the dipole were bent into 
a V-shaped antenna so that the two major lobes would coincide and be 
additive. Figure 5-12 shows the arrangement as viewed from the top. 
The angle ¢ is not very critical, but 
a maximum does occur at ¢ = 108°, 
although but little decrease in 
maximum occurs throughout the 


a 
range of ¢ from 95° to 120°. incoming 
This antenna has an additional waves 
—-- 


feature not at first evident: the 
antenna behaves as a traveling- 
wave antenna and so has unidi- 
rectivity in the direction shown in Fig. 5-12. Directional V antenna employ- 
Fig. 5-12; hence it needs no reflec- ing folded elements. 
tor behind it to provide unidirec- 
tional properties. This is not true, however, on the low television band, 
where a reflector would be needed to provide unidirectional characteristics. 
Another antenna arrangement that provides both high- and low-band 
reception is one incorporating two separate and distinct dipoles, each cut 
for the two respective bands and feeding into a common transmission line, 
with or without filters, for removing the effects of the unused dipole. 
5-7. Pseudo Horn Antenna. Still another antenna arrangement that 
provides good operation on both channels is a “‘horn” antenna. Horns 


PS a 
Incoming 
waves 
— 


bine 


Fia. 5-18. Pseudo horn antenna. Actually only the side plates of the horn are used. 


have been used extensively on microwaves, but their importance and use- 
fulness at television broadcast frequencies have not been generally appre- 
ciated.) * 8 

Since horizontal polarization is employed in television broadcasting, the 
horn may be simplified by providing for reception of waves having the 
electric vector in the horizontal plane only. Such an antenna is shown in 
Fig. 5-13. It consists of the two vertical side sectors of the horn. It is 


1 Barrow, W. L., and F. D. Lewis, The Sectoral Electromagnetic Horn, Proc. TRE, 
January, 1939, p, 41. ’ 
* Barrow, W. L., and L. J. Chu, Theory of the Electromagnetic Horn, Proc. IRE, 


January, 1939, p. 51. 
* Rhodes, D, R., An Experimental Investigation of the Radiation Patterns of Plectro- 


magnetic Horn Antennas, Proe, 72, September, 1048, p, L101, 


Library 
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connected to the transmission line at the apex of the horn, one conductor 
being connected to one sector and the other conductor being connected to 
the second sector. They are insulated from one another, 7.e., there are 
no metallic cross ties between the sectors. A top view of the antenna is 


| 
Stars Nae Incoming 
¢ ae waves 
a, pt Saree Ae 
i | 
Cia se a 
~/ 


Fie. 5-14. Plan view of pseudo horn antenna. 


shown in Fig. 5-14. The angle ¢ between the side sectors is known as the 
flare angle. p is the length of one side of the horn. 6b is the height of 
either side sector at the mouth; the mouth width is shown as a. From 
trigonometry it is seen that 


= 2psin? (5-50) 9 


2 


While the cutoff frequency or wavelength of a horn is not very sharp, 
z.e., the transition from attenuation to transmission is gradual, the approxi- 
mate cutoff wavelength is determined when 


a, & 0.5. (5-51) 


In order to obtain unidirectional characteristics, ¢ should be small; but 
a small ¢ would call for a very long horn, so that a compromise value of 
¢ = 60° may be chosen as a good practical value. Then, from Eq. (5-51), 


ee AUS ok . 
Tp See (6g 
2 sin = 
2 
The height of the sector is made equal to the dimension a, so that 
b=a=0.5), (5-53) 


The resistive and reactive components of the antenna impedance may 
be read from the curves shown in Fig. 5-15. 

The resistance curve, marked R, is asymptotic to 377 ohms at infinite 
frequency. The reactive component is read from the curve marked X and 


is asymptotic to zero at infinite frequency. Commercially available trans- 


mission lines having a surge impedance of 300 ohms may be used to con- 
nect this antenna to the receiver. The mismatch loss at infinite frequency 
is only 2% in power, or 0.08 db. At cutoff frequency the loss is 25% in 
power of 1.22 db. Below cutoff frequency the loss increases very rapidly, 
owing to the decrease in resistance. 
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The practical dimensions of a horn antenna of this type may be com- 
puted by assuming the cutoff frequency to be 57 Mc which makes the 
cutoff wavelength 5.25 m. Then the dimensions 


re > = 2.62 m = 8.6 ft (5-54) 


This may be shaded to 8 ft unless channel 2 is not received well. 


oe 
Fia. 5-15. Impedance of pseudo horn antenna, in which the surge impedance is 377 
ohms, as a function of the ratio of the frequency in question to the cutoff frequency. 


The antenna power gain over a half-wave doublet is 


W wA mab i 
Wa ae. oe (G-o5) 
where A = mouth area, in square wavelengths 
a = mouth width, in wavelengths 
b = mouth height, in wavelengths 


In the case a = b = x the power gain becomes 


Wa _ Tr" _ 9.79% = 0.79 (;) 5-56 
7." at 0.79 »? 79\ 5 ( ) 
Thus, if f. = 61.2 Mc (where a = 8 ft), the power gain at 213 Mc (chan- 
nel 13) becomes 
Ti ata) = imes = 9.78 db 5-57 
7 0.79 ee = 9.5 times ; ( ) 
This is equivalent to the gain obtained from an array of dipoles and re- 
flectors utilizing some five-dipole antennas and five reflectors, or about ten 
elements. An experimental check at this frequency gave a gain of 9.7 db. 
5-8. Dipole with Parasitic Reflector. The directivity pattern of a simple 
half-wavelength dipole antenna in the horizontal plane is the familiar 
figure 8, with the two lobes lying perpendicular to the line of the antenna. 
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This antenna is thus said to be “bidirectional.” A unidirectional system 
may be made by adding a single reflector element, as shown in Fig. 5-16. 
The reflector is placed behind the radiator parallel with it and at the same 
altitude. When the reflector is not connected to the transmission line, it 


--- Parasitic 


tr? ods reflector 
1 
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Fic. 5-16. Directional receiving antenna system with parasitic reflector. Plan view 
of system for horizontally polarized waves. 


is said to be a “parasitic” reflector; that is, it receives its excitation by 
coupling to the main radiator. Since the reflector is not fed directly, the 
magnitude of the current induced in it is largely dependent upon a resonant 
condition existing in the reflector; hence the parasitic reflector is effective 
over only a relatively narrow band of frequencies. Also, since the phase 
angle of the reflector current with respect to the main antenna current 
requires that the reflector be resistive or inductive, the reflector must be 
cut to a length that corresponds to a half wave at the lowest frequency at 
which good reflector operation is desired; consequently, a reflector cannot 
be optimized as in the case of the main antenna, which might be cut for 
some frequency intermediate between the low- and high-frequency ends of 
aband. The end result is little or no reflector action at the high-frequency 
end of a band. 

Matters can be improved, of course, by constructing the reflector out of 
a copper sheet or screen, or out of a number of wires, so as to provide a 
low-surge impedance reflector whose reactive component and Q would be 
satisfactorily low, so as to provide low impedance to induced currents over 
a wide band of frequencies. 

5-9. Dipole with Driven Reflector. The reflector may be connected to 
the transmission line to form a driven reflector system if desired. The 
bandwidth of the system is considerably improved by this connection. 
Figure 5-17 shows a folded-dipole antenna at the right. Its feed points 
are conductively connected to the feed points of a folded-dipole reflector 
shown to the left parallel to the antenna and one-quarter of a wavelength 
behind the antenna. The transmission line to the receiver is connected to 
the reflector feed points. This system becomes a broad-band system for 
the same reason that the turnstile antenna does; that is, the quarter-wave- 
length connecting line acts as an impedance inverter, The antenna and 
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reflector, however, do have some mutual impedance, so that mathematically 
the problem of computing the over-all system is much more complex. A 
discussion of the mutual impedances between radiating elements is given 
by G. H. Brown,! wherein, after some calculations, it is found that the 
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Fic. 5-17. Directional receiving antenna system with conductively connected re- 
flector. Plan view for horizontally polarized waves. 


300-ohm antenna resistance is increased to 408 ohms and the reflector re- 
sistance becomes 184 ohms. Equal antenna and reflector currents may be 
obtained by designing the quarter-wavelength connecting line to have the 
proper surge impedance Z,,. Thus 


Q,== (5-58) 
T R, 

and 
ee (5-59) 
a Ro 

But 

come Ra _ Ra 
€e we NZ ee a 

or 
pte Sets (5-60) 
a Zo 


ad (5-61) 


Equating Eq. (5-58) and Eq. (5-61), 
Zo, = Ry (5-62) 


1 Brown, G. HL, Directional Antennas, Proc, JRH, January, 1937, p. 78. 
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Thus, in the example cited, Z,, would be designed to have a surge imped- 
ance of 184 ohms. The total resistance at the reflector feed points then 


becomes 
R(Zo,”)/Ra —t HSAs R,2 


Ma 2+ (Z2/R) B+ (RVR) ~ ER, 63) 
In the example cited, R, becomes therefore 
1842 


The transmission line to the receiver should therefore be designed to work 
at a 57-ohm level. Since this is a rather low value for a practical two- 
wire line, it may be desirable to use four-wire folded dipoles, which would 
result in about a 240-ohm line for Z,. 

5-10. Multiple-element Arrays. Combinations of sets of simple dipoles 
and reflectors may be arranged to provide increasingly greater directivity 
and sensitivity as the number of elements increases. Beam antennas of 
this type are usually fairly narrow band and should be designed for a 
specific television channel. If a broad-band antenna is desired, it is usu- 
ally better to employ a rhombic or a horn antenna. The mouth opening 
of a horn will be almost the same as the area of a multiple-element broad- 
side array for the same gain at a given wavelength; and, once constructed, 
the horn will be effective over a much wider frequency range. 


PROBLEMS 


5-1. (a) Plot a series of curves on one sheet, similar to Fig. 5-3, of antenna surge 
impedances vs. diameters from 0.01 to 10 in., for each of the 12 television channels, select- 
ing the middle of the channel in each case for fo; thus f, = 57 for channel 2, ete. 

(6) In the text, solve for Z,,, Eq. (5-24), if R = 73 ohms and Z, = 556 ohms. If 
the line Z., were made up of two flat straps, what would be their separation to provide 
the Z., required if the straps were 2 in. wide? 

Answers: 

(b) Z., = 9.6 ohms 
Separation = 0.051 in. 

5-2. (a) Derive the equation for X in the following diplexer circuit, and also determine 
whether it should be a condenser or an inductance; determine its value in terms of L, ¢C, 
and R. 
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(b) Derive the same for X in the following circuit, where the two halves of L are 
coupled with a coupling coefficient k, where k is less than unity. 


Answers: 

wads 

(a) X =— ri 

ogs 4 
X is capacitive; C2 = tL 

woL(1 — k) 

0) ee a 

4(1 + k) 


X is capacitive; C; = atl — kL 


CHAPTER 6 
RADIO-FREQUENCY INPUT CIRCUITS AND NOISE FACTORS 


6-1. Input-circuit Requirements. The input circuit to the receiver in 
general must meet two requirements: (1) it should terminate the transmis- 
sion line from the antenna in its surge impedance in order to avoid reflec- 
tions, and (2) it should provide efficient transfer of signal voltage to the 
input tubes and do so with a minimum of tube and circuit noise.. The 
term “input circuit” is used here in the broad sense to include the radio- 
frequency amplifier stages and the converter. 

6-2. Noise Factor. The philosophy to be adopted in the study of noise 
and signal-to-noise ratios is to examine each section of the circuit for its 
inherent noise, whether it be the thermal-agitation noise of resistance or 
the fluctuation or shot noise of a vacuum tube, and then to collect all of 
these noise voltages at some point in the circuit beyond which the noise 
contributions are negligible in the over-all noise voltage. The antenna 
signal is likewise transferred to this same point in the circuit where it may 
be compared with the collected noise voltage to obtain the noise factor 
the noise factor being defined as the ratio of the signal-to-noise voltalll 
ratio of an ideal receiving system to the signal-to-noise voltage ratio of the 
actual receiving system. Noise factor may be expressed as a simple 
numerical ratio or in decibels, but the latter form is more commonly used. 
Mathematically, then, noise factor, NF, is expressed by 


S/N: revs 


NE 8/Na~ Ns (6-1) 


where S = signal voltage 
N; = noise voltage of ideal receiver 
Na = noise voltage of actual receiver 
In decibel notation, 
NF = 20 logio “i (6-2) 
It will be observed that the signal voltage itself drops out of the ex- 
pression for noise factor; therefore, in calculating noise factors, it is neces- 
sary to determine only the quantities N; and No. 
The quantity N, is readily obtainable by considering that it is caused 
by the noise inherent in the internal impedance of the signal source; the 


ideal receiver would have no noise of its own and would therefore perform 
122 
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the functions of amplification, frequency conversion, and detection, carry- 
ing the ideal noise to higher voltage levels. 

The quantity N. may be determined by measurement or by calculation. 
It may be determined by measurement in several ways, by comparison of 
the noise output of the receiver with the output of the receiver when fed 
by a signal generator of known voltage calibration. The signal generator 
may be a sine-wave oscillator or it may be a standardized noise source. 

Measurement technique, of course, can be applied only to an existing 
system. The designer is usually interested in calculating the noise factor 
of a number of prospective systems so that he can select the more promising 
designs for construction and test. 

The noise voltage added by the receiver itself may be caused by thermal 
effects in the resistive impedances of circuit elements and by the noise 
associated with electron tubes. The noise voltage due to thermal agita- 
tion at room temperature is given by Eq. (3-144) and is 


Ep = 1.28 VRF 10-” volt (6-3) 


where R = resistive impedance 
F = bandwidth, in cycles per second 

The noise voltage associated with electron tubes consists of two parts. 
The first is the noise due to the random flow of electrons between cathode 
and anode and is independent of the operating frequency of the tube. The 
second is the noise due to the transit-time input resistance of the tube; the 
noise associated with this resistance has been found by experiment to be 
about the same as the thermal noise in a circuit resistance subjected to 
about five times room temperature. No noise is associated with the tube’s 
internal plate resistance nor with the resistance of the tube looking into 
the cathode from ground. 

It has been found convenient to refer the shot noise component of the 
tube noise to the grid circuit, where it may be combined with input circuit 
resistance in computing the total noise of the system. The term “equiva- 
lent noise resistance” is used for this resistance. The value of this equiva- 
lent resistance, Req, has been determined experimentally for a number of 
tubes; the following empirical formulas give this resistance to a fair approxi- 
mation in terms of known constants for the tube. For a triode 


Req = aus (6-4) 
l’or a sereen-grid tube 
— fy (2.5 | Wie * 
Req = {y+ Ble op a) oe? 
where gm = mutual conductance, in mhos 


7, = plate current, in amperes 
T,, = sereen current, in amperes 


i 
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The noise voltage due to R.q is then 
Enot = 1.28V Rel’ X 10- volt (6-6) 
The noise voltage due to transit-time resistance Ry is given by modifying 
Kq. (6-3) by multiplying the resistance term by 5 so that 
Hg = 1.28V5RF X 10- 
= 2.87V Ref X 10- volt (6-7) 
The value of Ry is not constant with frequency but varies as the square 


of the frequency. It can easily become the greatest source of noise in the 
receiver at frequencies in excess of 100 Me unless the tube is especially 


Fig. 6-1. Generalized circuit for computing noise factor. Four noise voltages are indicated. 


designed to have very close cathode-grid spacing to minimize input con- 
ductance. 

The generalized circuit for computing noise is shown in Fig. 6-1. 

As stated previously, the ideal receiver would have only the noise voltage 
associated with the generator impedance. This is shown as F, in Fig. 6-1 
and is due to the generator impedance Ry; 
in the ideal receiver the circuit resistance 
R and the transit-time resistance would be 
infinite, while the tube equivalent noise 
resistance R.q would be zero, so that the 
input circuit for an “‘ideal’’ receiver would 
be simplified to that shown in Fig. 6-2. 
Fia. 6-2. Input circuit of the ideal In the following sections several types of 
receiver in which the sole source of input circuits will be dealt with in some 
nie Sy oe generator internal qotail to illustrate the principles underly- 

ing noise-factor calculations. Four types 
of input circuits are found in various commercial television receivers. The 
first is the grounded-cathode pentode amplifier, the second is the grounded- 
grid triode amplifier, the third is a pentode-combination grid- and cathode- 
fed amplifier, while the fourth is the cascode circuit. 

6-3. Grounded-cathode Pentode Amplifier. The simplest form of 
grounded-cathode amplifier is one having an untuned or broadly tuned 


Sxc. 3] RADIO-FREQUENCY INPUT CIRCUITS 125 


input circuit shunted with a resistance to terminate the transmission line. 
This circuit is shown in Fig. 6-3. The plate circuit is tuned to the tele- 
vision channel selected. Consider first the simple case of noise originating 


Fig. 6-8. Schematic diagram of a grounded-cathode pentode r-f amplifier. Noise 
voltages will be collected at the point A due only to those noises originating to the left 


of point A. 
in the input circuit and this tube only, neglecting noise in the output 


resistance R, and in succeeding tubes. Following the philosophy laid 
down, the various noise voltages will be accumulated at the point A in 


Fic. 6-4. Equivalent diagram of the circuit of Fig. 6-3 showing the origin of noise 
voltages. 
Fig. 6-4, which is the same as Fig. 6-3 but redrawn to show more clearly 
the noise resistances and noise voltages associated therewith. 

The noise voltage due to R, is shown as F; in series with Ri; this is a 
thermal-agitation voltage; thus from Eq. (6-3) 

Ey = 1.28V RF 10 (6-8) 

Only part of this voltage reaches the grid of the tube, owing to the re- 
sistance voltage dividing network. Calling the grid voltage due to EF; ¢,,, 


Cu = Sg 10-» (6-9) 


The tube amplifies this voltage by the usual gain factor for a pentode 
wherein Ry K rp, where 7, is the tube plate resistance, 
Gain = ginko (6-10) 


where gm = tube mutual conductance 
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Therefore the voltage appearing in the plate circuit due to R,; becomes 


1 
Ri(R + Re) 
iar 
The next noise voltage to be considered is that due to the resistor R, 


added to the circuit for line-termination purposes. This is also a thermal- 
agitation voltage, and thus from Eq. (6-3) is 


Er = 1.28VRF 10-” (6-12) 


Only part of this voltage reaches the grid of the tube, owing to the re- 
sistance-voltage dividing network. Calling the grid voltage due to Ez lg 


Cn, = CreGmtta = ae i 10- (6-11) 


y = 1.2 ae. oe be 
& 8V RF ec + By e 10-” (6-13) 
RiRe 


The tube amplifies this grid voltage as in Eq. (6-10), so that the voltage 
appearing in the plate circuit due to R becomes 


Cor = Cars hue = 1,2 i ea | Rl0= l 
Dy ne) 8 RR Ro) Ymtto Ome (6- 4) 
Rik 
14v6 


The next noise voltage to be considered is that due to the transit-time 
resistance Ro. This is also a thermal-agitation voltage but one that, from 
observation, seems to have a noise temperature about five times Tom 
temperature. The noise voltage of Ry is therefore, from Eq. (6-7), 


Ey = 2.87V RoF 10-° (6-15) 


Only part. of this voltage reaches the grid of the tube, owing to the re- 
sistance-voltage dividing network. Calling e,,, the grid voltage due to Ry 
? 


2 = 287V RF | 4 ] 10- 
eo 87V RoF Ec + Ba) . LO? (6-16) 
RR, 


The tube amplifies this grid voltage as in Eq. (6-10), so that the voltage 
appearing in the plate circuit due to Re is 


Cox = Comite = 2.87V RoF eS 
ma = & Ve Lez 


| re 


Finally, the last noise voltage to be considered is the shot noise of the 
tube. _ This is not thermal-agitation noise per se but may be expressed 
Domneroaly as a thermal-agitation voltage of a fictitious resistor called the 

equivalent noise resistance,” which is placed in series with the grid elec 


ae xX 10-° (6-17) 
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trode but which plays no part in voltage dividing, etc. The resistance is 
called Req, and the voltage in series with it is 


EByot = 1.28V Reg 10-° (6-18) 


This voltage appears at the grid without diminution and consequently, 
calling é,,, the shot voltage referred to the grid, 


Cg, = 1.28V RegF 10-” (6-19) 


The tube amplifies this grid voltage as in Eq. (6-10), so that the voltage 
appearing in the plate circuit due to Req is 
Cnn = Cogmlo = 1.28V Req Gnko 10° (6-20) 


The total noise voltage at point A in Fig. 6-4 is the rms sum of ep, €p.; 
and é»,, and is therefore given by the equation 


ean = Ven? F Cont + Ope? + Ont (6-21) 


The “ideal” receiver would have only e», present in the plate circuit, 
since by definition all other noise voltages are zero. Therefore the noise 
factor from Eqs. (6-1) and (6-21) becomes 


2 2 2 2 
ve=Me fine tere oy 
1 Pu 


When applying Eq. (6-22) to a practical case, it will be found that cer- 
tain circuit and tube constants are needed in order to obtain numerical 
answers. An examination of the equations for ep,, €m2) €puy ANd py shows 
that these constants may be needed: Ri, R, Ro, gm, Rea, Ro, and I’, Now, of 
these, Re, gm, and Req are tube constants fixed by the tube selected for the 
job. R,, the output load resistance, may be calculated from Eq. (4-46) 
and is approximately 


Cpysy 


~, 0.046 7, 
Ro — fic (6 23) 
where C = total shunt capacitance across R, 
f, = one-half the bandwidth desired in the plate circuit, chosen by 


the designer 

R, may be arbitrarily selected as the surge impedance of the transmission 
line, such as 75 ohms or 300 ohms. This leaves only R to be determined. 
R is the physical resistance placed in shunt with R, to terminate the line; 

so, since the line impedance is /, 

_ Pak, : 

R= Ry — key (6-24) 
The results of employing a typical pentode receiving tube will be in- 
vestigated and the same type will be used when studying other pentode 
input cireuits so that comparisons may be drawn regarding relative pers 


Library 
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formances. Suppose the tube selected for this purpose is the 6CB6. This 
miniature tube has the following characteristics as a pentode: 


Mutual donduotance's.% acs. io en tthe ne os 6200 umhos 
Bale CUIneNt ens ake a piece hosts oe aes cree Tae 0.0095 amp 
Sereen currant secon tn ioe) tetie,. ot Beet yn ee 0.0028 amp 
Input. cApacriarice, &...5-7/.a-cer mo eee eee 6.5 ppt 
OUtpuiitapsertances i bare loose eke eae 1.8 ppt 
Grid-plate capatitance?...... sn clvc.a cae lewdss 0.015 put 
Input conductance at 100 Mc..................... 460 »mhos 
PIAOMONA ON. ores eden. coda hort taceast ota 200 volts 
OVROM VOUAGO, af SA; oot set SAG R RR ee 150 volts 
GHIA SVOMARG Se rne sche od Ose aks MeN a cdun oe rete —2.2 volts 


Therefore the equivalent noise resistance of this tube connected as a 
pentode is, from Eq. (6-5), 


wales ( 2.5, 20 X 0.0028 
“1 9.5 + 2.8\6.2 x 10% 7 62? x 10-8 
= 0.778(403 + 1,460) = 1,460 ohms (6-25) 


In all of the examples to be given, the noise factor will be calculated at 
very low frequencies (where Ry is infinite), at 70 Me, which is near the center 
of the low vhf television band extending from 54 Mc to 88 Me, and at 
195 Mc, which is near the center of the high vhf television band extending 
from 174 Mc to 216 Me. The transit-time resistance R, for the 6CB6 is 
calculated from the input conductance at 100 Me by assuming that the 
conductance varies as the square of the frequency. Thus, at 70 Me, 


100\2/1 1 
si (7a) (7) sie ae = 4,400 ohms _— (6-26) 


where g; = input conductance at 100 Mc; and similarly, at 195 Me, 


100\/ 1 : 
aes re as) = 512 ome (6-27) 


In order to compute the value of the output load resistance R,, it will 
be assumed that the total shunt capacitance across the output circuit, 
owing to tubes, wiring, sockets, coils, ete., is 10 wuf and that the bandwidth 
is 6 Me. Applying these factors in Eq. (6-23), 


0.046 
=3 310° x 10-8 > 1,530 ohms (6-28) 


R, 


Assuming F; to be 300 ohms, that is, the transmission-line surge im- 
pedance is 300 ohms, all numerical values are now known as required to 
calculate the value of R from Eq. (6-24). Thus at low frequencies, where 
Ry is infinite, 


R = R, = 800 ohms (6-29) 
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At 70 Mc, where R, = 4,400 ohms, 
4,400 x 300 


= = 322 ohms (6-30) 
R= 7i00— 300° 
While at 195 Mc, where R, = 572 ohms, 
572 X 300 
et See ee h (6-31) 
R= 572 — 300 630 ohms 


All of the data needed for the calculation of noise factors are now at hand 
and are listed for convenient reference in Table 6-1. 


Tapue 6-1. Data ror THE CaLcuLATION oF NotsE VOLTAGES AND Noise 
Factors or A TypicaL PenropE Recrivinc TuBE 


(Data are for the 6CB6 grounded-cathode r-f amplifier pentode with 
no stepup input transformer) 
ee re ae \ a Ee 


Function Source At low frequency At 70 Me At 195 Me 
Ri Assumed 300 300 pre 
R Eq. (6-24) 300 322 pr 
Ro Eqs. (6-26, 6-27) Infinite 4,400 £ 
] Given 6,200 x 10°* 6,200 * 1076 6,200 X 10 
Rea Eq. (6-25) 1,460 1,460 aa 
Ro Eq. (6-23) 1,530 1,530 ; 


———— eS eee 


These data are used in computing the noise voltages ¢p,, Cx, pss and 
(p» The noise factors NF; are then computed from Eq. (6-22). The re- 
sults of all of these computations have been listed in Table 6-2 for ready 


Tapie 6-2. Inprvinvat Norse Voutaces anp NoIsE FAcTORS OF A 
TypicaL Penrope Recervine TuBE 


(Data are for the 6CB6 grounded-cathode pentode amplifier at three 
frequencies assuming all noise sources to be in the input circuit and first 
tube only. Input broadly tuned with no stepup transformer) 
eS SS eee 


Function Source At low frequency At 70 Mc At 195 Me 
; 3VF 107 F 107° 106VF 107° 

, Eq. (6-24) 106 VF 107° 106VF 1 F 10- 
Pe Ea. (6-14) 106VF 107% 101.5VF 10-1 94VF 10-1 
Fe: Iq. (6-17) 0 60.5VF 10-1 172VF ws 
1d. SVE 10" % 

aa Eq. (6-20) 465V PF 107 465V F 1079 465 VF 10 

uM ‘ os - 


4.85 times 
ultimate, 
or 13.7 db 


4.61 times 
ultimate, 
or 18.8 db 


4.6 times 
ultimate, 
or 18.2 db 


NF, [eq. (6-22) 
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convenience. It will be observed that the difference between low- and high- 
frequency performance is only half a decibel; so it must be concluded that 
in this particular circuit at least, the noise due to transit-time resistance 
does not greatly affect the over-all noise factor. The reason for this is 
that the shot noise, e,,, is so predominate. 

The figures of 13.3 or 13.7 db themselves, however, are not indicative of 
particularly good performance. Some help may be gained in noise-factor 
improvement by tuning the input circuit as a band-pass filter for each tele- 
vision channel and by transformer action stepping up the signal voltage 
to the grid to try to overcome the equivalent noise-resistance voltage. 
Assuming that the input capacitance will be about 10 uuf in a practical 
receiver, when due allowance is made for switch and stray capacitances, 
and assuming that the r-f bandwidth is to be 6 Me, from Eq. (4-46), an 
effective secondary shunt resistance in excess of 

R, = Raa ee = 1,530 ohms (6-32) 
cannot be used. This means that as long as Ry is in excess of 1,530 ohms, 
the total effective secondary resistance is established at 1,530 ohms, but 
that if Rp is less than 1,530 ohms, the value of R, must be dropped to Ry. 
The resistor 2 used in shunt with R, must bring the combination to R,, or 
to 1,530 ohms in the example given; thus 


RR 
Ro ba R, (6-33) 


The diagram used previously, Fig. 6-4, may still be used, except that it 
should be noted that R; now becomes identical with R,; 7.e., Ry is now the 
primary circuit resistance as seen from the secondary, and hence will 
change with operating frequency owing to the dependence of R, on Ry at 
very high frequencies. 

The following values for R, will be seen to apply: 


k= 


At low frequencies, where R, is infinite, 


R, = 1,530 ohms (6-34) 
At 70 Me, where R, = 4,400 ohms, 

R, = 1,530 ohms (6-35) 
But at 195 Mc, where R, = 572 ohms, 

R, = 572 ohms (6-36) 
And in each case, 

Ry = Bee (6-37) 


Table 6-3 lists the constants needed to compute noise voltages and noise 
factors for this circuit, arrangement, & being computed from lq. (6 33), 


Src. 4] RADIO-FREQUENCY INPUT CIRCUITS 131 
TasLe 6-3. Data FOR THE CALCULATION oF Noise Vouttaces aND NoIsE 
Factors or a TypicaL Pentopr Receivine TusBE 


(Data are for the 6CB6 grounded-cathode r-f amplifier pentode with stepup 
input transformer) 


Function Source At low frequency At 70 Me At 195 Me 
a 1,530 1,530 572 
z Ae ae 1,530 2,340 Infinite 
Ry Eqs. (6-26, 6-27) Infinite 4,400 572 
Gm Given 6,200 x 10-8 6,200 X 10-6 6,200 X 10 
Req | Eq. (6-25) 1,460 1,460 1,460 
Ro Eq. (6-23) 1,530 1,530 1,530 


The data of Table 6-3 were used to compute the noise voltages Cpuy Cray 
(my and é,, and. the noise factor NF. The results of these computations 
are conveniently listed in Table 6-4 for ready reference. It will be ob- 
served that the use of the stepup input transformer has appreciably im- 
proved the noise factor, particularly at low frequencies. At 195 Me, how- 
ever, because Ry was so low, not as much stepup could be used ; the improve- 
ment is therefore but marginal. The improvements are owing to the fact 
that while e,,, the noise due to R.q, remained the same as before, the value 
of @», has been increased through the use of the stepup transformer. 


Tasie 6-4. Inprvipvat Noise Voutaces AND Noise Factors or a 
TyricaL PentopE Recetvine TUBE 


(Data are for the 6CB6 grounded-cathode pentode amplifier at three 
frequencies assuming all noise sources to be in the input circuit 
and first tube only. Stepup input transformer employed) 


Function Source At low frequency At 70 Me At 195 Mc 
, Eq. (6-11) 238-VF 10-1 238-V F 10-1 146-VF 10-1 
ery q- nie an 0 
ep Eq. (6-14) 238-V F 10-1 192VF 10 : 
a Eq. (6-17) 0 314VF 10-1 328-VF 1071 
Pris y a a 
ras Eq. (6-20) 465V F 107° 465V F 107° 465VF 10 
: 2.4 times 2.67 times 4.01 times 
i i ltimate. 
NF. Kq. (6-22) ultimate. ultimate, u r 
; Bi or 7.6 db or 8.52 db or 12.1 db 


6-4. Grounded-cathode Pentode Amplifier Followed by Another Tube. 
Up to this point the noise added by the plate load Tesistor and the noise 
added by succeeding tubes have not been included in the noise-factor cal- 
culations, In a practical receiver these noise voltages are present and will 
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add to the total noise. In general, the lower the amplification of the first 


stage, the greater is the error in omitting subsequent noise, because it is 


only by developing adequate desired signal voltage that noise voltages can 
be overcome. 

The tube immediately following the first radio-frequency amplifier tube 
may be either a second stage of radio-frequency amplification or a fre- 
quency converter. For purposes of analysis it makes no difference what 
use is made of the second tube. It will be assumed, however, that it has 


Fia. 6-5. Schematic diagram of two-tube head end showing individual noise-voltage 
sources. All noise voltages are to be collected at the point B for determination of the 
over-all noise factor NF; for all noise sources to the left of point B. 


a grounded cathode and that the next point in the receiver at which all 
noise voltages are to be collected is at the grid terminal of the second tube, 
indicated by the point B in Fig. 6-5. While conductive coupling is indi- 
cated between the two tubes, it is to be understood that a step-down trans- 
former may often be employed to advantage between the tubes, to cause 
the voltage delivered to the grid of the second tube to bea maximum. The 
principles are not a great deal different except for the care that must be 
exercised in transferring the voltages from point A to point B, where the 
transformation ratio must be taken into account. 


Referring to Fig. 6-5, the over-all noise factor at point B may be written 
as 


NF, ae Cp” ta Coa ae Oni. + fou et Con te Oy ae Boag (6-37.1) 
Pu 
The voltages €p,,, Cpa, Cp, ANd ep, have already been determined in Sec. 6-3 
for two examples. It merely remains, then, for ¢,, on, and e,,, to be de- 
termined in order to complete the computation of the over-all noise factor 
for the two-tube head end. 
Let ¢y,, be the voltage delivered to grid number two by the noise voltage 
source Ep, This noise is thermal in character, and hence 


En, = 1.28VR,,F 10-% (6-88) 
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Assuming the first tube’s plate resistance to be very high compared to the 
circuit loading R., this voltage is divided by the resistances Ro, and Rg,, so 
that the portion reaching the grid of the second tube is 


BVA eae —10 6-39 
Co RS Woe [ Ra + Re 10 ( ) 
In a similar manner, the noise voltage E», associated with Ry, is 
Eo, = 2.87V R,,F 10-” (6-40) 
and by the resistor division reaches the grid of the second tube as 
Be —10 6-41 
lon = 2.87V Ro F Le Farrel (6-41) 


The noise voltage E.q, due to the equivalent noise resistance Req, of the 
second tube is applied in its entirety to the grid of the second tube; conse- 


quently 
Ga eee V Leg One (6-42) 


In order to compute these voltages, it is necessary to know the value of 
R.,, Rea and Re, The latter two are obtained from tube data. R., the 
effective load on the first tube, is determined from circuit capacitance and 
bandwidth, so that since R, is made up of Re, in shunt with R.,, 


_ Poke oan 
Ro, ~ Ro, -— R 
To illustrate the method for finding NF», the noise factor for the two- 
tube arrangement, let the second tube be a triode converter using one of the 
two triodes in the dual-triode tube 12AT7. As a converter, such a triode 
has these characteristics: 


Req = 2,500 ohms (6-44) 
At 70 Me: Ro, = 16,000 ohms (6-45) 
At 195 Me: Ro, = 2,000 ohms (6-46) 


Solving for R,, in Eq. (6-43) using the value of 1,530 ohms for R, as used 
in the examples of Sec. 6-3: 
At low frequencies: R,, = R, = 1,530 (6-47) 


16,000 X 1,580 _ 
At 70 Me: R,, = 16,000 — 1,530 = 1,690 ohms (6-48) 


At 195 Me: Bam a = 6,500 ohms (6-49) 


Table 6-5 lists the data needed to COMpULE ey, Ey, LNA Coy: 
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Taste 6-5. Data ror Computine tae Noise Vourace or A TRIODE 
CoNVERTER 
(Data are for computing the noise voltage associated with the input circuit 
of a 12AT7 triode converter second tube in a two-tube head end) 


eee ee eee 


Function Source At low frequency At 70 Me At 195 Me 
Ro Eq. (6-28) 1,530 
; 1,530 1,5: 
Ro, Eqs. (6-45, 6-46) Infinite 16,000 ne 
Ro, Eq. (6-43) 1,530 1,690 6,500 
Rea Eq. (6-44) 2,500 2,500 2,500 
? ’ 


ee eee ee ee 


The data of Table 6-5 was used to compute the noise voltages €gny Coes) aNd 


€ , from which the total noise voltage of the con ircuit i i 
verter circuit 
by the rms summing equation oo 
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The over-all noise factor NF» will now be calculated for the case of the 
6CB6 pentode with grounded cathode followed by one 12AT7 triode con- 
verter for the case where no stepup input transformer is employed. Re- 
ferring to Tables 6-2 and 6-6, at low frequencies 


Bie. - 
NF = AOI + Tipe 18 FOO 


4.6 X 1.013 = 4.66 times ultimate, or 13.36 db (6-53) 


The same kind of computation is employed for NF2 at 70 Me and at 
195 Me; the results are shown listed in T able 6-7. 


ll 


Taste 6-7. Over-att Noise Factor NF, ror A PENTODE AND A TRIODE 
CoNVERTER 


[Data are for a two-tube head end consisting of a 6CB6 pentode with grounded 
cathode (with no stepup input transformer) followed 
by a 12AT7 triode converter] 


Con = V lgu” 1 ges? + Cgns” (6-50) 


‘921 


The results of these computations are given in Table 6-6. 


Tas.LE 6-6. Inpivipvat Norse VOLTAGES AND THE TOTAL, @m, AT THE 
Grip oF THE SEconD TuBE or A 12AT7 Triope CONVERTER 


(This voltage is due solely to sources in the input circuit to the second tube) 
ee eee eee eee 


Function Source At low frequency At 70 Me At 195 Me 
oce Eq. (6-39) 50VF 10-10 47.5V/F 10-10 24.3VF 10-10 
Ghee Eq. (6-41) 0 34.8VF 10-10 83VF 107% 
een Eq. (6-42) 64VF 10-1 64VF 10-1 64VF 107 
Con Eq. (6-50) 81-VF 10-% 87VF 10-1 107.5VF 10-1 


ee 


The voltage ¢,,, listed in Table 6-6, may now be squared and added to 


i ( ) 
the numerator of Eq 6 22 under the radical sign to obtain the over all 
£ 


2 2 2 
NF = igo qe Cow 35 é 13 ar é ae ate é, ty 
Al a m (6-51) 


This may be rewritten in a more i 
) convenient form for fast com i 
by the following algebraic transformation: —_ 


2 2 2 ; 
NF, ae Con aE Corns + Cp aE Cp” + lp," 
2 


Cru” Cry 


— Ni Co” Sail yg 
= 4|NFY + oh, = WP aft + Th RY (6-52) 
em 


Function Source At low frequency At 70 Me At 195 Me 
NF, Table 6-2 4.6 a 4.61 irk 4.85 
Coe Table 6-6 81VF 107° 87VF 107° 107.5VF 10>» 
oxy Table 6-2 106VF 10-% 106V F 1071 106VF 107" 
NF; Eq. (6-52) 4.66 times 4.68 times 4.95 times 

ultimate, ultimate, ultimate, 
or 13.36 db or 13.40 db or 13.9 db 


Comparing the values obtained for NF», as listed in Table 6-7, with the 
values obtained for NF, as listed in Table 6-2, it will be seen that the 
second tube adds a negligible amount to the noise, the increase being only 
about 2.2% even at the highest frequency of 195 Me. The reason for this 
result is that this particular input circuit yielded such a high noise output 
that the noise from the first tube almost completely masked the noise of the 
second tube. 

The next example will be the determinations of the over-all noise factor 
for the two-tube head end, where the first tube employs a stepup trans- 
former from antenna transmission line to grid. The first tube is a 6CB6 
pentode with cathode grounded, and the second tube is a 12AT7 triode 
converter. Referring to Tables 6-4 and 6-6, 195 Me, for example, using 
Iq. (6-52), 


a 107.5 \?_ ig 
NF, = 4,01 4/1 + aa x ra) = 4,08 times ultimate, or 12.22db (6-54) 


Similar computations have been made at low frequency and at 70 Me; all 
results are listed in Table 6-8 for ready reference. 


Library 
Cantral Wachiaston Calera 
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TABLE 6-8. Over-att Norsz Factor NF2 ror A PEntopE AND A TRIODE 
CONVERTER 
(Data are for a two-tube head end consisting of a 6CB6 pentode with 
grounded cathode with antenna stepup input transformer followed by a 
12AT7 triode converter) 
ee ee eee ee 


Function Source At low frequency At 70 Me At 195 Me 

NF, Table 6-4 2.4 times 2.67 times 4.01 times 
ultimate ultimate _ ultimate 

Co Table 6-6 81 VF 10-1 87VF 10 =| 107.5VF 10-6 

Gr Table 6-4 238-V F 10-19 238-VF 10710 146-VF 10-6 

NF, Eq. (6-52) 2.42 times 2.70 times 4.08 times 
ultimate, ultimate, ultimate, 
or 7.68 db or 8.60 db or 12.22 db 


Oe ee ee ee Pe, > 


This particular circuit arrangement shows even less effect of adding the 
noise of the second tube, because the noise from the first tube is even 
greater due to the use of the stepup input transformer, the total noise 
factor increasing only 0.12 db or 1.5% in the worst case, namely, at 195 Me. 

6-5. Grounded-grid Triode Amplifier. A broadly tuned transformer- 
coupled circuit will be assumed for the grounded-grid amplifier, as shown 


Fig. 6-6. Schematic diagram of grounded-grid triode amplifier. The input trans- 
former is broadly tuned and serves to match the generator resistance to the cathode in- 
put resistance R. Noise voltages will be collected at point A to compute the noise 
factor of this amplifier and will consider noise sources lying only to the left of point A. 


in Fig. 6-6. The loading resistor R, shown dotted, is in fact the usual low 
input resistance of the grounded-grid amplifier as solved for previously in 
the case of transmitters. Its value, from Eq. (4-100), is 


R= a (6-55) 
where rp = tube plate resistance 
R, = external plate load resistance 
# = tube amplification factor 
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The external resistance Ro, in combination with the apparent tube aie 
resistance r4, cause the output circuit to be damped to provide the ites 
bandwidth. In the case of the pentode, rp is high and r, is high and may 


Fic. 6-7. Diagram of grounded-grid triode amplifier showing the individual noise 
soureal is be collected at point A. No noise is associated with the electronic resistances 
R and rp, where rp is the tube internal plate resistance. 


be neglected; in the case of the triode, however, 7, may be comparable 1 
magnitude to the damping required so that it should be taken into account. 
The value of rj, is obtained from the denominator of Eq. (3-116) and is 


ry = rp + Zilu + 1) (6-56) 


where Z, is the external resistance appearing between cathode and ground, 
lig. 6-7, and is seen to be é 
“7 7, = Bal 0 
* Ry + Ri 
If the total effective damping resistance across the plate tuned circuit 
is called Rg, then, since 7} is in parallel with the external resistance [o, 
. 2 


= _ 1 pRo (6-58) 
alae ry + Ro 
Solving Eq: (6-58) for Ro 
—— R= = (6-59) 
. tp ad Ra 


Substituting Eq. (6-57) in Eq. (6-56), 


fee pt RoRi(u + 1) (6-60) 
re To Ry + 


Substituting Eq. (6-60) into Eq. (6-59), 


RoR (u + ay 
R ere Be By (6-61) 
So RoRi(u be 1) 
JV hay "pr eal 
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Now if the input circuit is matched, it is seen that R, is equal to Ry in 
shunt with R, or 
Be eatitple 
Ry = pe (6-62) 


In writing generalized equations for noise factors, it is desirable to give 
the results in terms of certain known parameters. These parameters are 
Tp, Ra, Ro, and». Thus, Ri, a noise source, is not preferably expressed as 
in Eq. (6-62), because it contains the term R, and F is not one of the param- 
eters, generally known. If, however, Eq. (6-55) is substituted in Eq. 
(6-62), R may be eliminated. Thus 


Nppistca lve 

R, = ("2-2 
eda end 1 

ay ae 5 


Now Eq. (6-61) may be substituted in Eq. (6-63) to eliminate R,, and 
the resultant equation solved for R, to obtain R, in terms of the known 
parameters. Performing this algebra, it will be found that a quadratic 
in A, is obtained: 

Bs — a] get) _ ast __ 
Rou +1)? + rp2] Re?(u + 1)? + ry? 


(6-63) 


=0 (6-64) 


The positive root of this quadratic is 


2 i eG BCI EEE SE! 
p, — PetRau +1) + Faw he \ fe ts a 


The noise voltage in R is 
By = 1.28 V RF 10-9 (6-66) 


Since matching is assumed, half of this voltage appears between cathode 
and ground, 


Cn, = 0.64V RF 10-1 (6-67) 


From Eq. (4-94) this voltage becomes amplified by the tube and appears 
at the output terminals as 


Cp, = 0.64V Rik Res) 10-" volt (6-68) 


The shot voltage due to Reg, the equivalent noise resistance, is 


Eynot = 1.28V RF 10-" volt (6-69) 
where Req = 2.5/gm (6-70) 
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This voltage suffers degeneration because of the un- by-passed external 
cathode resistance Z,. The part lost across the cathode resistor, from 


Bq. (3-116), is 


es EsnoteZ (6-71) 
Ce + Ro + Zilu + 1) 
The net excitation voltage causing plate output is, therefore, the difference 
between Hgnop and ex, or 


pL | 
gy = shot [1 a Tp + R, a Ze (u + 1) 


a tp + Ro + Ze ] (6-72) 
~ Sabot La, + Ro + Zi(u + 1) 


The output voltage caused by this component of grid-to-cathode voltage is 
then given by the conventional stage gain equation for a triode and is 


Cost o (6-73) 
“m0 ry + Ro + Ze 
Substituting Eq. (6-72) in Eq. (6-73) and Eq. (6-69) for Esnot; this com- 
ponent becomes 


uRo ] 10-19 volt (6-74) 
Cry = 1.28V Rel E + Ro + Zi(u + 1) 


The last component of noise is that due to the transit-time resistance Rg. 
The noise voltage in series with Ry is 
E, = 2.87VR,F 107 (6-75) 


This becomes divided by the resistances of the network and appears be- 
tween cathode and ground as 


RR ; 
R+Rk = ew 76 
cum Am |= | ae a 
ot RR, RR, 


This voltage is amplified by the tube in the manner of grounded-grid 
triodes, Eq. (4-94). Therefore, the output voltage caused by the transit- 


(ime resistance is 


aj 1 Rou ar 1) a x 
= 2.87 tl I re Be 10-° volt (6-77) 


Crs 


1 RoR + Ri) 
RR, 


The noise factor is thus 


NF, « (6-78) 


“ee | 
Cp,* + 6p," Se Coy 


Cm 
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A tube designed especially for grounded-grid operation is the 6AB4 tri- 
ode. It has the following characteristics as a grounded-grid amplifier: 


Symbol Function Value 
Ey Platewoliguancecss.t.s tbe eos aL oe 250 volts 
Ih FE lete crrrehit tome i Aa ee ge ee. 0.01 amp 
E, Gras eee teeth ks AA NE Ve ail —2.0 volts 
On Mutual conductance........................ 5,500 umhos 
Tp HACE TEsIstenGOW = ceo tas foe «te ph, ee 10,900 ohms 
MB ATH DUR CAMOOAOLOM. 22, Ssa.cy chee teat 60 
Cox Plate-cathode capacitance.................... 0.24 upf 
Cin Input capacitance.............4............. 5.0 put 
Cou Output capacitance. 3 f6.6c..-3 0. .0eels-. 1.7 pf 


As in the case of the 6CB6 tube, the output damping R, will be assumed 
to be suitable to provide a bandwidth of 6Mc with a shunt capacitance of 
10 yuf, so that the bandwidth of the system will be adequate. From 
Eq. (6-23) this calls for 


Ra = 1,530 ohms (6-79) 
The equivalent noise resistance for the 6AB4, as given by Eq. (6-56), is 
je = = ORES = 455 ohms (6-80) 

The transit-time resistance Ry has been measured and is approximately 
Re = 12,800 ohms at 70 Mc (6-81) 

Re = 1,600 ohms at 195 Me (6-82) 


Table 6-9 is next, set up of values calculated from Eqs. (6-65), (6-57), 
(6-56), (6-59), (6-55), and (6-80), in that order. This table will be used 
directly in computing the several noise voltages but is also very useful in 


Taste 6-9. Data ror Computine THe Inprvipvat Noise VOLTAGES AND 
Norse Factors or tur 6AB4 GROUNDED-GRID TRIODE 


Function Source At low frequency At 195 Me 
Ri Eq. (6-65) 206 205 
Zk Eq. (6-57) 206 182 
rp Eq. (6-56) 23,450 22,000 
Ro ' Eq. (6-59) 1,635 1,642 
R Eq. (6-55) 206 206 
Req Eq. (6-80) 455 455 
Ra Eq. (6-79) 1,530 1,530 
Tp Given 10,900 10,900 
M Given 60 60 
Ro Given Infinite 1,600 
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ining the design of the input transformer. For example, a 300-ohm 
7 line wnat “0 stepped down to look like 205 ohms at eerie the 
impedance ratio may then be used to determine the turns ratio. Li plain 
at 195 Me, the external loading should be 1,642 ohms; the wen rans- 
former or load circuit may be designed accordingly. The ampl e gain 
may be calculated from Eq. (4-94) now that R, has been determined. 
. QU@tR_ 611,685 _ 7.95 (6-83) 
Voltage gain =" R, ~ 10,000 + 1,685 
The individual noise voltages appearing in Eq. (6-78) for the rd nae 
tor will now be calculated to determine the noise factors a _ ree 
frequencies. The results will be tabulated in Table 6-10, and the noise 
factor from Eq. (6-78) is listed in the last row. 
For example, from Eq. (6-68), at 70 Me, 


1,635 X 61 ee ise 
Cm = 0.64V206F Reseed 10-° = 73VF 10-9 (6-84) 


10,900 + 1,635 
and from Eq. (6-74), at 70 Me, 
FER 60 _X 1,635 | 10-” = 106VF 10° 
Cg = 1.28V455F Fors + 1,635 + 202 X 61 


(6-85) 
while from Eq. (6-77) 


1 1,635 X 61 | es 
cou = BBR TEROE samo 265 [om + 1,685 
“ 1+ "206 x 206 


-86 
= 20.6VF 10-” (ay) 


Thus the noise factor at 70 Mc becomes 


a 732 + 1062 + 20.6? = 1.78 times ultimate, or 5.0 db (6-87) 
te 73? 


In a similar manner the noise figures are calculated at low frequencies 
and at 195 Me, as listed in Table 6-10. 


Tapte 6-10. InptvinuaL Norse VoutacEes AND Noise Facrors FOR A 
6AB4 GRouNDED-GRID TRIODE AT THREE FREQUENCIES 


(Noise due to succeeding tubes not included) 


lunction Source At low frequency At 70 Me At 195 Me 
} 3VP 73VF 107 73VF 107% 
iq. (6-68) 73VF 10-1 . Reds 
rs Ea RH 106VF 107 106VF 107° gual ee 
Ke: Bq, (6-77) 0 | 20.6VF 10-% 55VF 10 
Cry UqQ. , } oe 
| Bay 8) i ime 2.0 times 
: » - 1.76 times 1.78 times 
a ieee ultimate, ultimate, ultimate, 
or 4,0 db or 5.0 db or 6.0 db 
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The noise factors for the grounded-grid triode are thus seen to be appre- 
ciably better than for the grounded-cathode pentode with input trans- 
former, where comparable noise factors at 70 Mc and at 195 Me were 8.52 db 
and 12.1 db, respectively. 

6-6. Grounded-grid Triode Amplifier Followed by Another Tube. In 
a manner similar to that applied to the pentode case, the noise voltages con- 
tributed by the plate load resistance, the equivalent noise resistance and 
transit-time resistance of the next succeeding tube may be added to the 


Eshot2 


Esnor' Freq 


Fic. 6-8. Schematic diagram of grounded-grid triode followed by a second tube showing 


the sources of noise voltages. All voltages are to be collected at the point B in calculat- 
ing NF», the over-all noise factor. 


numerator of Eq. (6-78) within the radical sign to obtain the over-all noise 
factor of the first two tubes. The diagram shown in Fig. 6-8 will be used 
in the analysis. 

The voltages caused by sources to the left of point A have already been 
determined. Therefore, the noise factor NF» at point B in the circuit of 
Fig. 6-8 may be written as an extension of Eq. (6-78), or ; 


ve Oper mete COS ete pera ems 
NF, =. 2 


Cru 


(6-88) 


where ép, is due to Ri, Eq. (6-68) 
Cp» i8 due to Reg,, Eq. (6-74) 
py 18 due to Be,, Eq. (6-77) 
€g, 18 due to Reg,, to be derived 
om 18 due to Ro,, to be derived 
€g; 18 due to R,,, to be derived 


The noise voltage due to Reg, is transferred directly to the grid of the 
second tube and hence is 


Com = 1,.28V Reg!” 10° volt (6-89) 


‘ds 
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The noise voltage due to Rp, is onl¥ partially present at the grid of the 
second tube due to the voltage division of the network. The voltage in 
series with Rp, is 


Eo, = 2.87V Ro,F 10-® volt (6-90) 
This voltage is applied to the second grid through series resistance Re, to 


a shunt resistance formed by R,, and rj, in parallel. Thus the voltage de- 
livered to the grid is 


Rots 
pas a 1 
r+ Ro, ey | ——————————_———— | 1 (10 (6-91) 
com = H,| BAT — | = 287V Ra Eve o i 
Re + ro + ee; aie 


7 ’ is defined by Eq. (6-56) 
Neate will change with Re, if the total load resistance R, is to be main- 
tained ie defined in Eq. (6-59). The value of ., must be such that it, in 
parallel with Re, will be equal to the required R,, or 


_ _ofeo, (6-92) 
Ro a Re, a Ro 


The noise voltage due to R,, is only partially present at the grid of 7 
second tube, owing to the voltage division of the network. The noise volt- 


age in series with R,, is 
Ep,, = 1.28VR.F 10-° (6-93) 
This voltage is applied to the second tube through series resistance R,,, 


to a shunt resistance formed by Re, and r}, in parallel. Thus the voltage 
delivered to the grid is 


iy 2 
ee eS td (6-94) 
‘= = Sey Ber [aces ake | 
Ror 


In order to compare the performance of the combination of re ie 
triode plus triode converter with grounded-cathode pentode r us car 
converter, the same converter characteristics will be Spaeth . ea rs 
example, namely, those of a 12A’T7 single triode, Ro, Wi 80 te ie 
given in Eq. (6-92), ‘The data is tabulated in Table 6-11 for convenient 


reference, 


144 TELEVISION PRINCIPLES [Szc. 7 


Taste 6-11. Data Requirep FoR THE CALCULATION OF Norsr VoutTaGEs 
Cour C09 AND €y.4 ORIGINATING IN THE SECOND TuBH AND Its INPUT 


Crrcuir 

——$—$——— eee" 
Function Source At low frequency At 70 Mc At 195 Me 

Rea, | Eq. (6-44) 2,500 2,500 2,500 

Ro, Eqs. (6-45, 6-46) Infinite 16,000 2,000 

Ro, Eq. (6-92) 1,635 1,820 9,180 

rp Eq. (6-56) 23,450 23,200 22,000 

Ro Eq. (6-59) 1,635 1,635 1,642 


a ee 


Using data from this table, ¢g.,, ej, and ¢,, have been calculated from 
Eqs. (6-89), (6-91), and (6-94), respectively, at the three frequencies in 
question; from these voltages the total noise factor NF, has been com- 
puted from Eq. (6-88). The results are listed in Table 6-12 for ready 
reference. 


TasBLE 6-12. Noisz Vortacr aNp Over-ALL N OISE-FACTOR Data 


(Information given for the combination of a 6AB4 grounded- 
grid r-f amplifier followed by a single triode 12AT7 converter) 


a 


Function Source At low frequency At 70 Me At 195 Me 
ere Eq. (6-89) 64-VF 10-1 64VF 10-1 64VF 10-19 
Cons Eq. (6-91) 0 34.7VF 10-0 98-VF 1079 
fog Eq. (6-94) 48.4 PF 10-19 45.6VF 10-10 20.5VF 10-0 
NF, Eq. (6-88) 2.08 times 2.14 times 2.58 times 

ultimate, ultimate, ultimate, 
or 6.35 db or 6.6 db or 8.24 db 


ee ee a 


The over-all noise factors obtained with grounded-grid combination are 
thus seen to be appreciably better than for the grounded-cathode pentode 
(with stepup input transformer) and triode converter combination, wherein 
comparable noise factors at 70 Mc and at 195 Mc were 8.60 db and 12.22 db, 
respectively. 

6-7. Pentode with Combination Grid and Cathode Input. The sche- 
matic diagram of this amplifier is shown in Fig. 6-9. Figure 6-9 may be 
redrawn to show noise voltage sources for use in analyzing the circuit 
for noise factor, which is to be computed at the point A in the diagram and 
is to include all noise sources to the left of point A. One simplifying as- 
sumption to be made is that the screen voltage has a negligible effect on 
plate current as compared to the control-grid voltage; this is necessary, 
because the screen voltage is not constant but varies by the voltage drop 


¢ 
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between cathode and ground. This assumption appears to be a ee 
able one, since in most sharp cutoff r-f pentodes the mutual conductance . 
the control grid to plate is 20 times the mutual conductance of screen gri 


to plate. 


Fic. 6-9. Schematic diagram of pentode with combination grid and cathode ris 
The secondary of the input transformer is center-tapped. The transmission rate : 
terminated by the cathode input resistance and transit-time input resistance reflecte 


through the transformer. Noise is to be collected at point A. 


lig. 6-10. Diagram of pentode with combination grid and cathode input paki: 
noise-voltage sources and a 1:1 autotransformer, where Ri is adjusted to mate’ 
secondary load. Noise is to be collected at point A. 


Some,of the circuit constants needed for noise calculations are R, the 
input resistance looking into the cathode; Z;, the effective resistance ree 
nected externally between cathode and ground; and fi, the generator 
resistance. oe 

Since R. <r, in a pentode, the value for R is given by Eq. (6-55) as 


R= (6-95) 


The resistance Z, is due to Ry and &,. Taking into account transformer 


stion, th 
action, then — (fh ) . (6-96) 
aR + Ro 
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: The ssa R, must be selected to match the loading on the trans- 
ormer secondary. This means, then, taking into acco 

former action, that a 
4RoR 


ieee =e 
Ry aR 


(6-97) 


Substituting the value of R as given by Eq. (6-95) into Eq. (6-97) 


4B, 


A 
: 4+ Rogm 


(6-98) 


Table 6-13 gives the values of Z,; and R; as well as other circuit constants 
needed for calculating noise voltages at three frequencies. 


Taste 6-13. Constants NEEDED To Sotve For Norse VOLTAGES IN THE 
6CB6 Prenropr, Wuicu Is Grip- anp CaTHODE-FED 


Se ee eae ee ee ee 


Function Source At low frequency At 70 Me At 195 Me 
R Eqs. (6-26, 6-27) Infinite 4,400 572 
Im Given 6,200 * 10-8 6,200 x 10-6 6,200 x 10-6 
R Eq. (6-95) 161 161 161 
Req Eq. (6-25) 1,460 1,450 1,460 
Ri | Eq. (6-98) 644 561 303 
Zk Eq. (6-96) 161 124 52.5 
R, Eq. (6-28) 1,530 1,530 1,530 
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This voltage is divided down by the network and appears between grid and 


cathode as 
4RR, 


ak + Ri 
TRR: 
Ko + te + R, 


Con = 2.87V RoF 10-9 


= Zh VR 2 tok te 10 
2.87V Ref Ea: + Ry) 2 4 10 (6-103) 
4RR, 
Hence 


Cm = | jae (6-104) 


Lastly, the noise voltage in series with Req and due to Reg is 
Emot = 1.28V Rel 107! (6-105) 


In transferring this voltage to the plate circuit, a certain amount of de- 
generation takes place due to the external cathode-to-ground resistance Z,. 
Applying the same reasoning as used in deriving Eq. (6-74), but remember- 
ing that rp >> R. and that » + 1 = u (for pentodes), the output voltage at 


Ee ee ee eee eee 
The noise voltage in series with R, and due to R, is 


Ey = 1.28VRiF 10-” (6-99) 
Since the system is presumed to be matched under all conditions, the volt- 
age that reaches the grid-to-cathode input electrodes is half of thi¢ or 
Cy, = 0.64V RF 10-% (6-100) 
Since this voltage does exist between grid and cathode (n i 
Pe a: e ee for), the voltage which vie Sa 
Cm = 0.64VRiF gn, 10- (6-101) 


a noise voltage in series with the transit-time resistance Ry and due to 
g 18 


Ey = 287V RF 10>" (6-102) 


point A is 
&%, = aii : te iS (6-106) 
a + Z 
Thus the noise factor is 
NF, = 4|°m tle Cpu" (6-107) 


2 
Cpu 


Calculating the noise voltages at low frequencies, at 70 Mc, and at 
195 Me, and finally the noise figure through the first tube, the results are 
presented in Table 6-14. The noise factors up to a frequency of 70 Me are 


Tapip 6-14. Inprviwuat Norse Vouraces AND NOISE Factors ror A 6CB6 
Prntropr with CoMBINATION GRID AND CaTHODE FEED 


Function 


Cm 
Cp 
Crs 


(Noise due to succeeding tubes not included) 


Source 


Taq. (6-101) 
Hq. (6-104) 
Bq. (6-106) 


NF, Wa. (107) 
or 6b. db 


At low frequency At 70 Me At 195 Me 
155V F 10-% 144V F 10-1 106VF 107 
0 116VF 107 172VF 10- 
232 VF 10-" 263-V F 10- 350V F 107 
1.8 times 2.24 times 3.8 times 


ullimate, 


ultimate, 
or 7.0 db 


ultimate, 
or 11.6 db 


—$$___——— 
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fairly good, but the noise factor of 11.6 db at 195 Mei i 
than the corresponding figur re cach iriodl 
under similar aalat eae fae ea 
aides Pentode with Combination Grid and Cathode Input Followed by 
other Tube. In a manner similar to that applied to the cathode 
Anes pentode amplifier followed by another tube, as discussed in 
ec. 6-4, the over-all noise factor NF» of a two-tube head end, consisting of 
a pentode with combination grid and cathode input, as discussed in Sec. 6-7 
followed by another tube, will be determined. “= 


Fria. 11. D z 

6- lagram of pentode with combination grid and cathode in t fo by 
pu llowed a 

second tube. N oise 1s to be collected at point B for over-all noise factor NI 2. 


. om pace 2 be beastie is that of adding the noise voltages arising 
second tube and its input circuit to the noise vol 
ube S In tages caused b 
first tube and its input circuit, and then dividing by the noise volt ia 
to the generator resistance. a 
Peake shows a diagram of the combination. The voltages will 
ected at point B in the diagram or at the grid of th 
Then the over-all noise factor may be written as : ea 


NF, = Cm” t ep” + Cm” 1 Con? + Cp* + Epa? 
AJ 2 (6-108) 


where ép, is due to Ri, Eq. (6-101) 
€m is due to Ry, Eq. (6-104) 
€py 18 due to Req, Eq. (6-106) 
€m, is due to R.,, Eq. (6-39) 
€, 18 due to Rg, Eq. (6-41) 
Cm i8 due to Reg, Eq. (6-42) 
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For more rapid calculation of a numerical example, Eq. (6-108) may be 


rewritten as Eq. (6-52), or 
NF; 


where ¢,, is defined by Eq. (6-50) 


(6-109) 


Let the first tube be a 6CB6 pentode and the second tube be one triode of a 
12AT7. The results of previous calculations may now be made use of in 
solving for NF; by relatively simple arithmetic substitution in Eq. (6-109). 


Table 6-15 lists the data and the resultant noise factors. 


Tapue 6-15. Over-att Norsr Factor NF; ror a 6CB6 PEntopE 
(Pentode has combination grid and cathode input followed by one triode 


of a 12AT7 as a converter) 


Function Source At low frequency At 70 Me At 195 Me 
NF. Table 6-14 1.8 times 2.24 times 3.8 times 
ultimate ultimate ultimate 
los Table 6-7 81-VF 107° 87VF 107° 107.5V F 107% 
ton Table 6-14 155V F 107% 144VF 1071 106VF 107% 
1.87 times 2.32 times 3.93 times 
NF2 Eq. (6-109) ultimate, ultimate, ultimate, 
or 5.48 db or 7.30 db or 11.88 db 


A typical example in Table 6-15 may be the 70-Mc case. Here the noise 
factor NF? is 


rr | it ee F : . 
NF, = 2.244/1 + ee x =m) = 2.32 times ultimate or 7.30db (6-110) 


An inspection of Table 6-15 shows that, on the average, the second tube 
increased the noise factor by about 4%, or less than 0.4 db. 

6-9. Cascode Amplifier. The last of the amplifiers to be considered in 
this treatment on noise factors is the cascode amplifier shown in Tig. 6-12. 


ia. 6-12. Schematic diagram of cascode amplifier, The first triode feeds the cathode 
of the second triode, the first triode having its cathode grounded while the second triode 
has ite grid grounded, Neutralization of the firet triode is not shown but may be neo- 
cmmary in some applications,  Noive will be collected at point A. 
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While the diagram indicates that a stepup transformer is employed be- 
tween the generator and the first grid, a more simple circuit might employ 
a 1:1 broadly tuned transformer, or even conductive coupling. In the 
latter case, a resistor from grid to ground would be adjusted to terminate 
the transmission line properly. All noise voltages will be accumulated at 
point A in the circuit. 


Figure 6-12 is redrawn as Fig. 6-13 to show all of the sources of noise. 


Fie. 6-138. Schematic diagram of cascode amplifier showing the six sources of noise 
voltages. All resultant noise voltages will be accumulated at point A to obtain the noise 
factor, and this factor will include all noise sources to the left of this point. 


The treatment to be followed in the analysis of this circuit for noise 
factor is to accumulate all of the noise voltages associated with the first 
tube, namely, those due to Ri, R, Ro,, and Req, at the point B. This voltage 
will then be in the form of 

Ca, = Men, (6-111) 
where e,, = grid voltage of the first tube 
Hi = amplification factor of the first tube 

After ez, is found, this voltage will be applied to the second tube as the 
voltage H; was applied to the grounded-grid triode in Fig. 6-7, replacing Ry 
of the Fig. 6-7 by rp, in Fig. 6-13. The over-all noise factor can then be 
found by using the equations already worked out for the grounded-grid 
amplifier. 

Proceeding along this line of attack and assuming for the case that a 
broadly tuned input circuit is used at the first grid and that R, is fixed, 
equations applying to a similar case for the grounded-cathode pentode, 
Sec. 6-3, may be employed directly—the only modification required being 
that of changing the tube gain factor of gm» to yy. 

Thus, the noise voltage at point B in Fig. 6-13 due to R, is similar to 
Kq. (6-111), or 


= ry) ho eee Pare 10 
ep, = 1.28VR0 Rilke Re my 10> (6-112) 
ioe gee 
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Likewise, the noise voltage at point B in Fig. 6-13 due to R is similar to 
Kq. (6-14), or f 
= RF | —————_ | m lo (6-113) 
ep, = 1.28V RF Ee sory ‘ a 

Rife, 


Also, the noise voltage at point B in Fig. 6-13 due to Rg, is similar to Eq. 
(6-17), or 


eBay = sta | (6-114) 


1 
——— eee 10-10 
Ro,(R + Ri) ic i Bi 
RR, 


Finally, the noise voltage at point B in Fig. 6-13 due to Reg, is similar 
to Eq. (6-20), or 
By = 1.28V Regt” u110- (6-115) 


Thus the total voltage at point B is the rms sum of the individual voltages, 
or 


CB, =Vep," St Cine =P CBs” i Givfea (6-116) 


The noise voltages appearing at point A may now be found from 
grounded-grid amplifier equations from Sec. 6-5. Referring to Fig. 6-13, 
it will be seen that by similarity to Eq. (6-57) 


= a tela 6-117) 
Zn, x Re. ate lp, ( 


Also, by similarity to Eq. (6-56), the equation for r}, in Fig. 6-13 becomes 
Tm = Tm + Zn(ue + 1) (6-118) 


i i 3 d tube 
where v2 = amplification factor of the secon 
It is also seen that by similarity to Eq. (6-55), the cathode input re- 
sistance to the second tube in Fig. 6-18 appears as 


_ tat he 6-119 

tl aaa 

The principal difference between the cascode-grounded grid section and 

that considered in Sec. 6-5 is that no matching is required between tubes, 

since no long transmission line is now involved; consequently, the resist- 

ance R, of the standard grounded-grid amplifier as defined in Iq. (6-62) 

does not apply. Instead, wherever /2, appears in Sec. 6-5, it may now be 

replaced directly by 7p,, except that since no noise arises in Tp itself, there 

will be no corresponding é», such as iq, (6-68), The voltage in series with 
ry, is, instead, the voltage em of Hq, (G16), 
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Thus, using Eq. (6-68), the noise voltage at point A in Fig. 6-13 due to 
the first tube and its input circuit is 


S 1 Ro(uz + 1) 
“m= om) Fat Re) iL tm + Bo i | Ae 


Rake, 


One component of ez, [there are four components from Eq. (6-116)] must 
be retained separately for use in determining noise factor. This is the 


voltage eB,, due to noise in the generator R, of the “ideal” amplifier. Thus 
at point A 


* ee NE 2A a wi) Pee 
CB CBy r (Re ae Ro.) ‘ ’ [ Tm my a 10 My (6-121) 


02 


The remaining noise voltages, all associated with the second tube, are 
more readily arrived at. The noise voltage at point A in Fig. 6-138 due to 
Rea: 18 similar to Eq. (6-74), or 


Cm = 1.28VR, | 10 
. of | Rate | 1 (6-122) 


The noise voltage at point A in Fig. 6-13 due to Rg, is similar to Eq. (6-77), 
or 


= 2.87V RF | ———1___ | Beet a" 
Cm = 2.87VRyF 1 Rall tm) |L tm + Be 10-° (6-123) 
Ror p, ; 


The noise factor of the cascode amplifier is thus the total noise divided 
by the “ideal” noise, or 


=a |tBe + Gpat tito 
NE ey es (6-124) 


21 


As previously discussed, the output circuit is damped by 7, in parallel 
with &., yielding an effective resistance Rz. Ra is determined from the 
bandwidth desired and the circuit shunt capacitance. Therefore 


R, 2 Ra}, 


ah ass (6-125) 


Consider the practical example of a pair of 6AB4 triodes connected in the 
cascode amplifier, and let R: = 300 ohms. The data needed to compute 
the voltages of Eq. (6-124) are listed for convenient reference in Table 6-16, 

The data of Table 6-16 are used to compute the noise voltages and noise 
factors at the three frequencies. The results of these computations are 
listed in Table 6-17. 

The noise factors of this amplifier at 70 Me and at 195 Me are rather 
poor, owing to the nonuse of a stepup input transformer. 
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Taste 6-16. Data ror Computation or InprvipvAL NotsE VOLTAGES AND 
Norse Factors oF A CASCODE AMPLIFIER 


(Amplifier consists of two 6AB4 triodes. Circuit shown in Fig. 6-13. No 
stepup input transformer to first grid) 
a a ge ee ee ee 


Function Source At low frequency At 70 Mc At 195 Mc 
Ri Given 300 300 300 
R Eq. (6-24) 300 307 369 
Ra, Eqs. (6-81, 6-82) Infinite 12,800 1,600 
Re Eqs. (6-81, 6-82) Infinite 12,800 1,600 
im Given 60 60 60 
1) Given 60 60 60 
Tp, Given 10,900 10,900 10,900 
tr, Given 10,900 10,900 10,900 
Zhe Eq. (6-117) 10,900 5,890 1,400 
Tbs Eq. (6-118) 685,000 370,000 96,000 
Ra Eq. (6-79) 1,530 1,530 1,530 
Ro Eq. (6-125) 1,534 1,537 1,553 
Re Eq. (6-55) 204 204.1 204.5 
Pea. Eq. (6-80) 455 455 455 
Reas Eq. (6-80) 455 455 455 


Tapie 6-17. Inprviwuat Noise Vortaces anp Noise Factors or A 
CascopE AMPLIFIER 


(Amplifier employs two 6AB4 triodes in the circuit of Fig. 6-13. No stepup 
transformer to first grid. . Antenna resistance 300 ohms matched 
by resistor at first grid) 
Neen ee eee ea EEE 


Function Source At low frequency At 70 Me At 195 Me 
en Eq. (6-112) 665VF 107° 665V F 107° 665VF 10-1 
; = ra VF 10-1 
By Eq: (6-113) 665 VF 107° 658 F 1071 600VF 
ep Eq. (6-114) 0 228-VF 107° 645V/F 10-1 
3 
Fy Eq. (6-115) 1,635VF 10-7" | 1,635VF 10° | 1,635VF 107° 
eB, Eq. (6-116) 1L,888VF 10-% | 1,900VF 107° | 1,970VF 10 
ep Eq. (6-121) 91.8VF 10-1 90.8VF 107° 82.8VF 10-1 
‘2 ~~ 
By Eq. (6-120) 260V F 10-” 259VF 107° 245-V F 10-1 
Crm Eq. (6-122) 3.72VF 107 6.78V F 10-1 26VF 10-7 
re Eq. (6-123) 0 329\/F 10-10 485-VF 10-19 
2.83 times 4.60 times 6.58 times 
NF Iiq. (6-124) ultimate ultimate, ultimate, 
: : or 9.04 db or 13.28 db or 16.36 db 


When an input transformer is used at the first grid of the cascode ampli- 
fier, the value of 2) is adjusted by changing the transformer ratio to mateh 


— 
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the primary resistance to the maximum possible secondary resistance that 
can be achieved and still meet the bandwidth requirements of the service. 
The diagram of the matched stepup transformer input circuit is exactly 
the same as the previous one, namely, that shown in Fig. 6-13. If R, is 
the maximum secondary resistance that can be achieved in view of the cir- 
cuit capacitance and the bandwidth, the loading resistor R, Fig. 6-13, in 
parallel with the transit-time resistance Rp, will be equal to R,, or 


RoR, 
Ro, =a is 


The circuit, being matched, will reflect the primary resistance into the 
secondary as 


a= (6-126) 


lbs (6-127) 
Substituting the value of R; of Eq. (6-127) into Eq. (6-126) for R,, 
< RoR, 
a ae (6-128) 


The same equations as used in the previous analysis of the cascode cir- 
cuit may now be used to obtain the noise factors, care being exercised to 
take into account Eqs. (6-126) through (6-128). The data needed for com- 
puting the noise factor are listed in Table 6-18. It should be noted that 


TasLe 6-18. Data ror Computation or InprvipvaL NoIsE VOLTAGES AND 
Noise Facrors or a Cascopr AMPLIFIER 
(Amplifier consists of two 6AB4 triodes. Circuit shown in Fig. 6-13. Stepup 
input transformer to first grid) 


ee ee a a 
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if Ro, falls below the value set for R., R, is then established by F»,, rather 
than by the circuit capacitance and the bandwidth. This will occur for all 
frequencies in excess of 200 Mc for the two tubes considered in Table 6-18, 
for Re, = 1,530 ohms at 200 Me. 

The data from Table 6-18 are used to compute the individual noise volt- 
ages and noise factors of the cascode amplifier, and the results are recorded 
in Table 6-19. It will be noted that a 4- to 5-db improvement has resulted 
from the use of the stepup transformer. 


Taste 6-19. Inprvipvat NorsE VoutracEes AND NoIsE Factors OF A 
CascopE AMPLIFIER 
(Amplifier employs two 6AB4 triodes in the circuit of Fig. 6-13. A stepup 
transformer is used between the antenna transmission line 
and the first grid) 
ee eS Se EE ee 


Function Source At low frequency At 70 Me At 195 Me 
By Eq. (6-112) 1,500VF 107° | 1,500VF 107° | 1,500VF 107° 
CB yy Eq. (6-113) 1,500VF 10-9 | 1,410VF 107° 313-VF 107% 
€Bys Eq. (6-114) 0 | 1,170VF 107° | 3,290VF 107° 
€By Eq. (6-115) 1,635VF 10 | 1,635VF 10- | 1,635VF 10-% 
eR, Eq. (6-116) 2,680VF 10 | 2,880VF 107° | 3,990VF 107% 
Bm Eq. (6-121) 207-V F 10-2 204-V F 10-1 187VF 10-2 
eB, Eq. (6-120) 369-V F 107° 392-VF 10-1 496-V F 10-1 
Cag Eq. (6-122) 3.72 F 10- 6.78-VF 10 26-VF 10-2 
oe Eq. (6-123) 0 329-V F 10-1 485-V F 10-19 

1.78 times 2.5 times 3.7 times 
NF? Eq. (6-124) ultimate, ultimate, ultimate, 
or 5.0 db or 8.0 db or 11.4 db 


Function Source At low frequency At 70 Me At 195 Me 
Ro, Eqs. (6-81, 6-82) Infinite 12,800 1,600 
tie Eq. (6-23) 1,530 1,530 1,530 
R Eq. (6-126) 1,530 1,735 35,000 
Ry Eq. (6-127) 1,530 1,530 1,530 
Ro, Eqs. (6-81, 6-82) Infinite 12,800 1,600 
roy Given 60 60 ’ 60 
be Given 60 60 60 
Tp, Given 10,900 10,900 10,900 
Toe Given 10,900 10,900 10,900 
Zi, Eq. (6-117) 10,900 5,890 1,400 
ee Eq. (6-118) 685,000 370,000 96,000 
Ra Eq. (6-79) 1,530 1,530 1,530 
R, Eq. (6-125) 1,534 1,537 1/553 
Re Eq. (6-55) 204 204.5 204 5 
Rea, iq. (6-80) 455 455 455 
Roa, KNq. (6-80) 455 455 455 


6-10. Cascode Amplifier Followed by Another Tube. Figure 6-14 shows 
the schematic diagram of the cascode r-f amplifier, employing two triodes, 


liq, 6-14, Schematic diagram of cascode amplifier followed by a third tube. The noise 
voltages associated with the third tube are shown individually. The noise voltages of 
the first two tubes have beon shown in Fig, 6-13 and are accumulated at point A in the 
circuit as discussed in Seo, 6-9, ‘The over-all noise factor is computed from the resultant 


noise voltages accumulated at point C. 
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followed by a third tube. Since the apparent plate resistance ri, of the sec- 
ond tube of the cascode is very much higher than R,, the equations used 
for the circuit of the grounded-cathode pentode amplifier followed by a 
second tube, Sec. 6-4, may be used to obtain the noise voltages of the third 
tube in Fig. 6-14. 

Thus, using the second tube circuit of Fig. 6-5 as a basis for analysis, 
Eqs. (6-39), (6-41), and (6-42) apply except that Ro, and Reg, now become 
Ro, and R.q,, respectively. Thus at the point C, Fig. 6-14, the noise volt- 
age due to R., becomes 


= pee —10 
lo, = 1.28V Rok G ne | 10 (6-129) 
The noise voltage due to Rp, at point C in Fig. 6-14 is 
— = ee 10 
Con = 287V BF E ia a 10 (6-130) 
Lastly, the noise voltage at point C due to R.q, is 
Cg = 1.28V Regt” 10- (6-131) 


The over-all noise factor equation for all three tubes is similar to Eq. 


(6-52) and is 
2 
NF = NF24{1 + fe (6-132) 


where NF; = noise factor of cascode amplifier only, Eq. (6-124) 
€z, = noise voltage of “ideal” cascode amplifier, Eq. (6-121) 


Cor =V Con” + Con” + Cs” (6-133) 


The example to be given is that of two 6AB4 triodes in the cascode ampli- 
fier followed by one triode of a 12AT7 as the converter. The first case is 
that of the first grid being direct-coupled and matched to a 300-ohm 


and 


Taste 6-20. Over-att Noisz Factor NF; or a Turex-tupn Heap Enp 


(Head end consists of two 6AB4 triodes in cascode as r-f amplifier followed by 
one triode of a 12AT7 as converter. First grid direct-coupled and matched 
to 300-ohm generator) 


Function Source At low frequency At 70 Mc At 195 Me 
NF; Table 6-17 2.83 times 4.60 times 6.58 times 
G4, Table 6-6 81VF 10-1 87VF 10-10 107.5VF 10-1” 
Bm Table 6-17 91.8VF 10-1 90.8V FP 10-1 82.8VF 10-10 
2.96 times 4.70 times 6.7 times 
NF; Eq. (6-132) ultimate, ultimate, ultimate, 
or 9.44 db or 13.44 db or 16,52 db 


Src. 12.1] RADIO-FREQUENCY INPUT CIRCUITS 157 


generator, as discussed in the first part of Sec. 6-9. All voltages have been 
determined previously in earlier examples but are listed in Table 6-20 for 
reference. 

The over-all noise factor is thus seen to be but slightly greater than that 
for the cascode amplifier alone, the increase being between 2% and 5%. 

The second case is similar to the above, but a stepup transformer is now 
inserted between the generator and the first grid. All voltages have been 
determined previously in earlier examples but are listed in Table 6-21 for 
reference. 


TasBLe 6-21. Over-aut Noise Factor NF; or A THREE-TUBE Heap ENp 


(Head end consists of two 6AB4 triodes in cascode as r-f amplifier followed 
by one triode of a 12AT7 as converter. First grid coupled to generator 
through a stepup transformer) 


Function Source At low frequency At 70 Me At 195 Me 
NF. Table 6-19 1.78 times 2.5 times 3.7 times 
eg ‘ Table6-6 “| 81VF10-" 87VF 107° 107.5VF 10-% 
ans Table 6-19 207-V F 10-1 204-VF 1071 187VF 107° 
1.83 times 2.54 times 3.74 times 
NF; Eq. (6-132) ultimate, ultimate, ultimate, 
: or 5.24 db or 8.10 db or 11.48 db 


The over-all noise factor is thus seen to be but slightly greater than that 
for the cascode amplifier alone, the increase being between 1.2% and 
2.4%. : 

6-11. Summary of Noise-factor Computations. The noise factors ob- 
tained for the various combinations of tubes and circuits have been grouped 
in Table 6-22 for the purpose of ready comparison. The best combination 
appears to be the grounded-grid triode r-f amplifier, the effectiveness of this 
circuit being particularly outstanding at 195 Me. 

The cascode arrangement is slightly better at low frequencies where the 
(ransit-time resistance is high; therefore, this circuit should prove useful as 
the input circuit to intermediate-frequency amplifiers, providing the in- 
termediate frequency is less than, say, 40 Mc. 

6-12. R-f Tuning Methods. Three different methods of tuning the 
r-f circuits to the desired channels have been employed in commercial re- 
ceivers. The first method is continuous tuning, the second is wafer switch- 
ing, and the third is turret switching. 

6-12.1. Continuous Tuning. Continuous tuners are all based upon 
inductance variation to achieve the tuning range, because it is essential 
that the capacitance be kept constant in order to maintain a uniform gain 
and bandwidth characteristia, 
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Taste 6-22. Summary or Noise Factors or Many COMBINATIONS OF 
Circuits AND TUBES IN TELEVISION-RECEIVER Heap Enps 


(The factors assume perfect neutralization and negligible cathode circuit 
degeneration) 
eee 


Noise factor, db 


Circuit 
Receiver Figure 
No. Keen At 70 Mc | At 195 Me 
ee ee ee ee ae eee 
R-f amplifier noise factor only 
ee  —————————————— 
6AB4 triode grounded-grid amplifier with 
broadly tuned matching transformer.... | 6-6 4.90 5.00 6.00 
6CB6 pentode grid- and cathode-fed with 
broadly tuned matching transformer.... | 6-9 5.10 7.00 11.60 
Two 6AB4 triodes in cascode, stepup input 
UEANAL OREN OLS, co, A rats Sane Woe oii v Sac 6-12 5.00 8.00 11.40 
6CB6 Pentode grounded cathode, stepup 
WPuttranstormer.o<2454 oye nesses oc 6-3 7.60 8.52 12.10 
6CB6 Pentode grounded cathode with no 
stepup-fromiB00;obms:...<. ences 0. 6-3 13.20 13.30 13.70 
Two 6AB4 triodes in cascode with no stepup 
MINOT AOOLOUINE 2 ack aN Rien eG ASG) Oa 6-12 9.04 13.28 16.36 


Over-all noise factor including converter 
es 
6AB4 triode grounded-grid amplifier with 

matching transformer; followed by 
OVA WAGON CELET. <1 cree cane ee eae 6-8 6.35 6.60 8.24 
6CB6 Pentode grid- and cathode-fed with 
matching transformer; followed by 
TZAAGONVErbeI ait ccs sc ee Ce ees os 6-11 5.48 7.30 11.88 
Two 6AB4 triodes in cascode, stepup input 
transformer; followed by 12AT7 con- 
MORUOR I stiG as ais eta nol bes ance aie 6-14 5.24 8.10 11.48 
6CB6 Pentode, grounded cathode, stepup 
input transformer; followed by 12AT7 
OMVORUOL Natalee RAW e oted see feet 6-5 7.68 8.60 12.22 
6CB6 Pentode, grounded cathode, no step- 
up from 300 ohms; followed by 12AT7 
CONV GLUET aiesn herons oeiayate een ees eee 6-5 13.36 13.40 13.90 
Two 6AB4 triodes in cascode, no stepup 
from 300 ohms; followed by 12AT7 con- 
MGRLETAG) nk ys nies ao. he ae 6-14 9.44 13.44 16.52 


One form of inductance tuner makes use of a helical coil of bare wire with 
a slider that shorts out the inductance not needed to tune to the required 
frequency. ‘Tuners of this type have been used for a number of years in 
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transmitters. The advantage of this type of tuner is that a very large 
range of frequencies may be covered with one coil. A disadvantage of this 
system is that unless carefully constructed the tuner is likely to be noisy in 
operation because of the rubbing contacts made between the coil and the 
shorting member. Another disadvantage is that the part of the coil 
shorted out may resonate in the band being tuned and would cause a loss 
in gain at such frequencies. 

Another form of continuous tuner makes use of iron-core slugs. The 
slugs are slid into the coil form to increase the inductance. The tuning 
range is limited in such a system but is enough to cover either of the tele- 
vision tuning ranges of 54 to 88 Me and 174 to 216 Mc. A switch is pro- 
vided to switch between these bands. The tuning ratio required on the 
low channel is 88/54 = 1.63. This requires an inductance ratio of 1.63? = 
2.65. The frequency ratio of the upper band is 216/174 = 1.24, requiring 
an inductance ratio of 1.242 = 1.54. While neither of these ratios is par- 
ticularly great, when viewed from the corresponding problem in tuning 
over the broadcast band from 540 to 1,600 ke, nevertheless, so much of the 
total circuit inductance exists outside the variable part that it is only by 
careful design that the required ranges are obtained. The advantage of 
iron-core tuning is that it is noiseless, owing to the absence of contacts. 

Another form of continuous tuner is one making use of a single turn of 
conductor, which is shorted out in smooth variable amounts by contact to 
a shorting contact. It differs from the first slider type described in that 
the contact remains fixed while the coil is rotated. Switching is resorted 
to in order to cover the two bands, because size limitations force the de- 
sign of this system to single turns having inadequate maximum inductance 
to enable the circuit as a whole to attain a really large effective inductance 
ratio from maximum to minimum. 

6-12.2. Wafer Switching. Two forms of wafer switching have appeared. 
The first makes use of a selector switch connected to the ‘‘hot”’ part of the 
circuit to be tuned. The switch is equipped with 12 contacts, one for each 
of the 12 television channels. Each switch contact is connected to one 
terminal of its tuning coil, the other end of the coil being grounded. In 
this way each coil may be individually adjusted for the proper inductance 
(o tune the circuit to the specified channel. The advantage of this system 
is that there is no interdependence between coils, so that if one becomes 
misadjusted all of the other coils are not affected. 

Another form of wafer switching makes use of a rotatable arm with 
12 contacts, but with the coils connected in series between adjacent con- 
tacts. In such a system the highest frequency coil is first adjusted, then 
the next highest frequency coil, ete., until all coils have been adjusted. 
The disadvantage of this system is that if any of the coils except the last 
becomes misadjusted, all switeh positions from that point to the lowest 


Library 
Cantos) Wotication Collere 
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frequency point have an error in their adjustment. This system, however, 
is one of the least costly to manufacture. 

6-12.3. Turret Tuning. In turret-tuned systems, the switch contacts 
remain fixed and the separately adjusted coils rotate on a turret into posi- 
tion. Such a system is advantageous because the “hot” side of the circuit 
1s not rotatable and hence can be made to have a very low capacitance to 
ground. The systems so far produced appear to be somewhat more expen- 
sive than wafer switching. 

6-13. Superheterodyne Converter-Oscillator. The amplified radio-fre- 
quency signal from the radio-frequency input amplifier stage is applied to 


Fia. 6-15. Converter-oscillator employing a triode 7; as converter and a triode Ty 
as the local oscillator. The load impedance R, is at the intermediate frequency. 


a frequency converter, and the frequency is changed to the intermediate 
frequency chosen for the receiver. Local oscillator excitation is provided 
to accomplish the frequency change. 

Triode and pentode converters are used in television receivers, although 
the triode seems to be the more popular, probably because of its lower noise 
figure. A circuit of a triode converter and triode oscillator is shown in 
Fig. 6-15. The converter tube 7; is suitably biased by a cathode resistor 
R,, which is by-passed for rf and for if by condenser C;. Signal-frequency 
voltage is applied between grid and ground across the signal circuit Lo, 
This circuit may be damped by the plate coupling resistor R» of the radio- 
frequency amplifier tube 73. The anode circuit of 7, is tuned to the if i 
it is shown here as being the primary of a coupled-circuit transformer, 
damped on the secondary side to provide the required uniform band-pass 
characteristic. 

The oscillator tube 72 is connected as a Colpitts oscillator in a cireuit 
previously discussed in the study of the cathode follower. The { requeney 
determining circuit LC, is adjusted to oscillate at af requency equal to the 
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sum of the signal frequency plus the intermediate frequency. The cathode 
choke L,; is chosen so that it, in conjunction with the cathode-to-ground 
capacitance, presents a negative reactance of as high a value as possible 
over the television bands. Often this reactance may become too low to 
support oscillations at the high-frequency end of the television bands; there- 
fore a small additional capacitor may be needed between grid and cath- 
ode to ensure an adequate exciting voltage. This condenser is shown 
as C4, 

Oscillator high-frequency voltage is coupled to the converter grid by 
coupling condenser C;. Conversion takes place because of the nonlinear 
relationship between grid voltage and 
plate current on account of the cutoff, 
or nearly cutoff, bias voltage existing 
across the cathode bias resistor. 

The efficiency of the converter de- 
pends on the amplitude of the oscilla- 
tor voltage at the converter grid, an 
increasing output being obtained as 
the excitation is increased. The size 7 0 
of the cathode bias resistor is calcu- 4 


Fia. 6-16, Grid-veltage—plate-current 


lated in the following way. Figure 
6-16 shows a curve of 7, vs. e, for 
the converter tube for a particular 


characteristic of a triode for computing 
converter performance. 


plate voltage. Let the cutoff voltage be called —#, and the value of plate 


current at zero grid voltage be Imax. 


Let it be assumed that the bias is to 


be at cutoff and that the crest of the oscillator voltage causes plate-current 
maxima to reach a value of Imax. Then, assuming a linear curve for Fig. 


6-16, the average current flow is 


T= 3, [Inox sin o dp 
Qn |, 


I. max a = Insx 
re (—cos 6)[ are (6-134) 
Thus the value of the cathode resistor should be 
Ee Ear ae 
ER gh sete) 


By way of example, a 6AU6 connected as a triode at a plate voltage of 


150 volts hasa plate current of 22 ma 
voltage is approximately —4 volts, 
from Hq. (6-135), 


Aw 
Ma F099 


ate, = 0. The projected grid cutoff 
Thus the cathode resistor should be, 


« 570 ohms (6-136) 
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The d-c plate current, from Eq. (6-134), is 


1, = 7 = 0.022 = 0.007 amp (6-137) 
The rms value of the oscillator voltage is 
Cose = Soe 2.83 volts rms (6-138) 
VEE" 2 


In order to compute the conversion gain of the triode, let it be assumed 
that the triode grid voltage consists of two components, so that 
> = E, sin wot + E, sin wet (6-139) 
where H, sin w¢ = oscillator voltage 
E, sin wt = signal voltage 
At some instant the two voltages will be in phase, so that on peaks 
6 = H+ EB, (6-140) 


while at a later instant the two voltages will be out of phase, so that on 
peaks 


é, = E, — E, _ (6-141) 
Thus I, actually fluctuates from the value previously assumed. The peak 
difference is equal to the i-f peak-to-peak plate current, so that 


= => 3 E, oe) E, rm aa 


is 2V2\ 7 Eo EL 
= ImaxEs 
r rV2 E, (6-142) 
But Imax = E/7rp, 80 that 
rae E.E, 
P ravi. V2 E, (6-148) 
and F,/E, = yp, so that 
eh bE, 
ope (6-144) 
But E, =V2 e,, so that 
Pe weed: 
are (6-145) 


If now this i-f current flows through an external impedance of R, ohms, 
the i-f voltage developed is 
ti filtnte 
* (6-146) 


which indicates that the conversion gain is 1/m times the gain of the same 
tube when used as an amplifier, It must be emphasized that this equation 


eit 
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applies only to the case of essentially class B operation of the converter. 
Any other bias conditions would require a recalculation of the if developed. 
The 6AU6 operating under the conditions assumed has a u of 36 and a plate 
resistance of about 8,000 ohms, so that when working into 2,000 ohms, the 
conversion gain would be 
Cit pR, = 36 X 2,000 
€: (Tp + Ro.) (8,000 + 2,000) — a2 GeO 
A pentode converter would have about the same conversion gain except 
that since r, >> R., the gain equation is simplified somewhat and becomes 


eit _ Ymbto _ 

ars (6-148) 
The 6AU6 as a pentode, having an average mutual conductance of 3,600 
umhos and a peak plate current of 17 ma when operating as a converter, 
would thus have a conversion conductance of 3,600/a = 1,140 umhos; the 
conversion gain into a load of 2,000 ohms would be 


eit _ 3,600 X 10-° X 2,000 _ 


és qT 


2.29 (6-149) 


There is thus not much difference in using a triode or a pentode connection 
for a given tube, since substantially the same gain is seen to be obtained. 

The tuned circuits for the oscillator and for the converter grid may be 
adjusted for the correct television channel by any of the means already 
described in connection with the radio-frequency amplifier. 

The value of the coupling condenser Cs between oscillator and converter 
circuits is determined by the amplitude of the oscillations, the amplitude 
required at the converter grid, and by the value of C», the effective capaci- 
tance in the shunt-tuned circuit of the converter. Since the oscillator 
operates at a frequency considerably above the converter-tuned frequency, 
for all practical purposes the converter input circuit impedance is deter- 
mined largely by the capacitive reactance. Thus the coupling capacitance 


should be, approximately, 


Miwa (6-150) 


where e0 = oscillator amplitude 
Coe = amplitude of oscillator voltage across C2 
Thus if Cy. = 10 wuf, eo = 4 volts, and e.. = 24 volts, 


il 11 1 
C; = oa! sell = Ba = Sag 2X 107 farad, or 2 wuf (6-151) 
244 6-1 5 
PROBLEMS 


6-1. Two GABA triodes are connected ax follows in an rf amplifier circuit. ‘The 
input transformer is connected between the grid of the first tube and ground, ‘The fret 
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tube is connected as a cathode follower and drives the second tube connected as a 
grounded-grid amplifier. Tube and circuit data are as follows: 


rp = 10,900 

Ra = 1,530 ohms 

Rs = 1,530 ohms 

ZR, = 1,530 ohms 
Transformer ratio 1:1 


Rais the net damping resistance at the plate of the second tube, or is R, in parallel with 
Tp, Rs is the damping resistor at the grid of the first tube. 

The common cathode circuit is broadly tuned to the operating frequency by a shunt- 
tuned circuit. 

(a) Find the noise factor at low frequency where the transit-time resistance may be— 
considered to be infinite by collecting noise voltages at the point A, neglecting the noise 
in R.. 

Answers: 

(a) 6.4 db 

6-2. A 6AB4 triode is connected as an r-f amplifier in a compound grid- and cathode- 
fed circuit similar to that shown in Fig. 6-9, except that the tube has no screen grid, 
Tube and circuit data are as follows: 


rp = 10,900 

Ro = 12,800 at 70 Me 

= 1,600 at 195 Me 

Ra = 1,530 ohms 

Transformer center-tap grounded 
Transfer ratio 1:1 


2 


Ra is the net damping resistance at the plate of the tube, or is R, in parallel with rj, 
the apparent tube plate resistance. 2; is adjusted to be equal to net effective resistance 
across the entire secondary, to obtain matching. 

(a) Find the noise factor by collecting noise voltages at the point A, neglecting the 
noise in Ro, for a radio frequency of 70 Me. 

(b) Repeat for a frequency of 195 Me. 

Answers: 

(a) 2.9 db 
(b) 6.76 db 


CHAPTER 7 
INTERMEDIATE-FREQUENCY AMPLIFIERS 


7-1. General Considerations. The questions to be answered concerning 
the design of the intermediate-frequency amplifier are several. Some of 
them are: 


1. What shall be the over-all gain of the amplifier? 
2. What is the most desirable i-f frequency 

From the image attenuation viewpoint? 
From direct i-f interference? 

. From i-f harmonics? 

. From selectivity? 

. From gain? 

. From stability? 

3. What form is best for the intertube circuits? 


ec QAaacse 


7-2. Over-all Gain Considerations. The second detector is the dividing 
point between the intermediate-frequency amplifier and the video-frequency 
amplifier. Once a level is assumed at the second detector, both of the 
amplifiers can be designed. A convenient level at the second detector is 
one that minimizes the need for either an extraordinary amount of i-f gain 
or an extraordinary amount of video-frequency gain. Certainly the level 
should be high enough to assure linear detection and not square law detec- 
tion. This will require that the level be one volt or more, preferably two 
volts, since on peak whites the signal level may drop to only 10% of black 
level, leaving a voltage of 0.2 volt, a level barely in the linear range. A 
{\wo-volt signal needs a video-frequency amplification of only 25-fold to 
bring the level up to a satisfactory value for proper operation of the pic- 
ture tube, which needs a signal of 50 volts to produce maximum usable 
contrast. It will therefore be assumed that black level produces 2 volts. 
Since the i-f amplifier response characteristic is such that the carrier is half- 
way down the side slope of the over-all selectivity curve, the output on the 
flat. part of the curve would be 4 volts. A 100% efficient detector would 
require only 2.8 volts rms to achieve the 4-volt output, but the detector is 
not likely to be much more than 50% to 60% efficient (as will be found out 
later), so that some 5 volts rms may be needed at the detector input. 

It must next be decided what the antenna signal level should be for a 
minimum acceptable picture, Probably such a question is better resolved 


by deciding how much noise signal ix desired at the picture tube grid in the 
1h 
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entire absence of signal. A noise level of 25% of the normal picture signal 
may be used. A receiver could then receive a picture down to a level of 
4 to 1 picture-to-noise ratio; it is not probable that a picture more noisy 
than that would ever be tolerated by a viewer, no matter how interesting 
the program content might be. 
The noise voltage present in the antenna resistance is given by 

Ena = 1.28V RF 10 volt (ideal) (7-1) 
However, the tube noise enters the system and causes an apparent noise 
signal at the antenna which is greater than this level. If the input circuit 
signal-to-noise ratio on the flat part of the response curve on a voltage basis 
is expressed as 8/N, then the apparent antenna noise voltage becomes 


Fe —wleee (3) V RF 10" volt (actual) (7-2) 


In a perfectly matched system, half of this voltage appears across the an- 
tenna terminals of the receiver and is thus. 


Ey, = 0.64 (3) VRF 10-° volt (7-8) 


If the gain of the receiver from the antenna terminals to the second de- 
tector input is 4, on a voltage gain basis, then, 
Mo = Hips (7-4) 
where »; = r-f amplifier gain 
2 = conversion gain of first detector 
v3 = i-f amplifier gain at flat part of response 
Calling the second detector input voltage kHz, it is then evident that 


kEa = (ous) [0.54 (5) VRF 10-*] (7-5) 


The required i-f gain may then be solved for as 
aes 1.56kE a (s) 10! 
ese ea ~~ ad 

papeV RE 


A typical example, using figures in the order of those already obtained 
in previous analysis, may be solved for. In this case, let it be assumed that 


(7-6) 


R = 300 ohms 
P= Sali0? 
Le = 


S/N = 0.4 (which is —8 db) 
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Then 


10 
_ 1.56 X 0.25 X 5 X04 X10" _ 16 299 (7-7) 


a 6 X 2.3300 X 4 X 108 


‘If, on the other hand, another r-f stage had been used, p1 may be 36 so 


that 
us = 2,780 (7-8) 


Three i-f stages with a stage gain of 14 each will result in a total gain of 
2,780. 

The amplitude of the signal at the receiver input terminals to produce a 
normal signal at the picture tube will next be solved for. Since the over- 
all gain of the receiver from antenna terminals to detector is wo, the antenna 
signal required is 

B,, = 2H — 7H black level) (7-9) 
Mo Hips 

The factor 2 is included to take care of i-f carrier attenuation. 

In the example cited, wu: = 36, wz = 2.3, ws = 2,780, and Ha = 5 volts; 
therefore 

B= ——2%5____ = 43.4 x 10-* volt. (black Ievel) (7-10) 
36 X 2.38 X 2,780 

Another solution for EZ, may be obtained by solving Eq. (7-5) for 

iuigu3 and substituting the solution in Eq. (7-9). In this event, 


_ 1.28VRF 10-% 
i S 
i(y) 
The factor k may be thought of as a ratio of video noise to video, or as 
n/v, so that Eq. (7-11) may be preferably written as 


1.28 () VRF 107° 
s 


N 


Thus higher and higher quality pictures, v/n, require higher and higher 
antenna signal voltages or else better input circuits having better signal- 
to-noise figures, S/N. It should be pointed out, however, that merely 
improving S/N is not sufficient by itself, because the receiver gain must 
also be raised correspondingly, as indicated by Eq. (7-6). Also, all equa- 
tions have assumed that the transmitter is modulating 100%, that is, from 
black level to zero carrier (maximum white level). In case this degree 
of modulation is not attained, all solutions for Z4, should be modified by an 
adjustment to include the modulation index M, Since 2,4 will have to 


Eva (black level) (7-11) 


(black level) (7-12) 


Esa = 
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increase with decreased M, the right-hand side of each E., equation should 
be divided by M. 

The general conclusion in the above study is that the i-f amplifier should 
provide a gain of between 1,000 and 20,000, depending upon the r-f gain and 
the ratios S/N and v/n, any of which may vary over fairly wide limits. 

7-3. Choice of I-f Frequency from Standpoint of Image Attenuation. 
There are at least six factors that must be considered in selecting a par- 


ticular frequency band for the intermediate frequency. One of these is 


the effect of the if chosen on the image attenuation. In superheterodyne 
receivers, the image signal frequency band is that band of frequencies 
which lies on the other side of the oscillator frequency from the desired 
signal band as a mirror “image” of it. Thus the “image” band for a de- 
sired channel RF, would become, for an oscillator at F,, 
RF im = (Fo. — RF) + F, 
el oka RF, (7-13) 
If, for example, RF’, = 76 to 82 Mc and F’, were 102 Me, then the image 
frequency band would be 
RF im = 2 X 102 — (76 to 82) 
204 — (76 to 82) = 128 to 122 Me (7-14) 


The i-f band is, of course, 


I 


if = F, — RF, (7-15) 
which in the example cited is 
if = 102 — (76 to 82) = 26 to 20 Me (7-16) 
Generally speaking, the higher the if, the higher the image attenuation 
becomes, because the image frequency band moves farther away from the 
desired signal band to which the r-f amplifier and converter r-f circuits are 
tuned, and the circuit selectivities act to attenuate the undesired image 
band more effectively. A study of the selectivities of r-f circuits having 
one, two, and three tuned circuits should be made in order to arrive at a 
good decision on the if band required to provide any desired image atten- 
uation which is deemed necessary. 
If maximum use is made of each tuned circuit, it can be shown that, for 
over-all selectivity curves having only one peak, the attenuation of the 
optimized system is given by the equation 


Aegis. a (7-17) 


where 6 = frequency difference between center frequency and the fre- 
quency for which the attenuation is to be calculated 
6: = frequency difference between center frequency and the fre- 
quency that yields an over-all attenuation of 1.414 or V2 
number of tuned circuits 


n 
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It is usually desirable to choose the V2 points about one-third further 
out from the center of the band than the edge frequencies of the channel, 
in order to prevent undue attenuation in the signal band as the result of 
some mistuning, change of tubes, etc. Since the channel edge is 3 Me 
from the center, a value of 4 Mc for 6; is therefore suggested. 


é in MC for 6,= 4 MG 
O 20 40 60 80 100 120 140 160 180. 200 220 240 
10,000 === =e 


~ circuits 


LZ 
(right hand scale) 
Ay 


Ly 


Attenuation 


° 


5 10 15 20 25 30 35 40 45 50 55 60 

& 

by 
Fiq. 7-1. Selectivity of one, two, and three tuned circuits optimized for 4 
selectivity. The over-all attenuation of any combination is arbitrarily set at V2 when 
5/5, = 1.0. 


Based on this value of 6, the attenuation curves of Fig. 7-1 have been 
constructed and the curves have been generalized by the addition of a 
second set of abscissa values corresponding to 6, = 1.0, 

An expanded set of curves covering the attenuation out to 4 Me (or 
(6/5 1) is shown in Fig, 7-2, Tt will be observed that at the edge of the 
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channel, or where 6 = 3 Me, both the two- and three-circuit over-all 
attenuation curves give but slight attenuation to desired signal voltages. 
An inspection of Fig. 7-1 reveals the following points. If the i-f band 
lies between 22 and 27 Me, according to the previous RMA standard, 
three tuned circuits are required to give an image attenuation of 1,300- to 
2,200-fold, or from 62 to 67 db, as required in some receiving areas to 
escape image interference on channel 2 from FM broadcast stations. On 
the other hand, the new if of 41 to 47 Me would provide an image attenua- 


Megacycles off center ( for 6;=4 M.C.) 


Attenuation 


meee) 
Y 


Fig. 7-2. Expanded curves of Fig. 7-1 for the region of low attenuation, A = 1.0 to 
A = 1.6. 


tion of 10,000- to 12,000-fuid, or 80 to 81.5 db, for the same three circuits; 
also it will be seen that two tuned circuits will provide an image attenuation 
of 450- to 550-fold, or 53 to 55 db; since no powerful transmitters are on the 
image frequency, it is feasible to operate with two circuits and obtain 
satisfactory performance. Any attempt to obtain good operation with 
only one tuned circuit seems likely to be unsuccessful, because even with 
an if of 120 Me, only a 60-fold, or 37.5-db, image attentuation is obtain- 
able. One would probably decide, then, that from image considerations 
an if of 41 to 47 Mc would be most desirable. 

7-4. Choice of If from Standpoint of Direct I-f Interference. Radio 
transmitters or radio interference in the i-f band may be of such a high 
intensity as to cause direct pickup in the receiver without having to be 
converted by the superheterodyne action to the if. Unless the converter 
is balanced, the converter will amplify at if by a factor of x times better 
than it will convert, so that such interference may be about 7 times, or 
10 db, less attenuated than a corresponding image. 

Direct i-f interference is most likely to occur when the receiver is adjusted 
to receive a channel nearest to the i-f band. With any if below 54 Me, the 
channel that is most susceptible to direct i-f interference is thus channel 2, 
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extending from 54 to 60 Mc. Generally speaking, then, the best if is the 
lowest possible since it would be furthest removed from the signal band. 
Other factors must be considered, though, before a decision should be 
made. One of these is the effect of a low if on image interference; another 
is the prevalence of interference in the spectrum chosen. At one time the 
i-f band of 22 to 27 Mc was a good choice from this standpoint, but it is 
soon going to be used by amateur transmitters and is being used for dia- 
thermy and radio-frequency heating apparatus, so that it no longer appears 
to be an optimum band. Using the curves of Fig. 7-1, it is seen that the 
22- to 27-Mc band, which lies, on the average, some 33 Mc below the center 
of channel 2, is attenuated some 600-fold, or 55 db, when three tuned cir- 
cuits are used. However, due to the converter sensitivity, this is reduced 
by 10 db to provide only 45 db net attenuation. Two r-f tuned circuits 
provide only 70-fold, or 37-db tuned-circuit attenuation and 27-db total 
effective discrimination. 

The i-f band of 41 to 47 Mc has a center frequency lying only 13 Mc be- 
low the center of the signal band. The over-all attenuation to if, including 
the converter sensitivity, is, for three tuned circuits, 19 db ; for two 
tuned circuits, 11 db. Neither of these figures is adequate if any degree 
of radiation is likely at if. a 

Fortunately the i-f band differs from the image bands in that the if is the 
same for all channels, whereas the image band is changed for each channel, 
Thus it is possible to design trap or filter circuits to provide additional 
attenuation for the if. Such circuits may be built into the receiver between 
the antenna terminals and the input to the first tube. A simple high-pass 
filter cutting off at the low edge of the first channel will suffice. The 
filter may be a constant-k type, an m-derived type, or a composite filter. 
The latter type may be designed with m-derived terminating half sections 
to provide a good match to the terminating resistance over a large part of 
the transmission band. Such a filter may be built with a cutoff frequency 
of 54 Me and an infinite attenuation frequency of 43 Mc, which results 
when m = 0.6. 

Everything considered, however, given equal interference fields at each 
frequency, the choice of a low if is to be preferred when direct i-f inter- 
ference is the sole consideration; the old standard of 22 to 27 Mc would 
seem to be the more desirable. 

7-5. Choice of If from the Standpoint of Selectivity Attainable. From 
previous studies of selectivity it was found that the actual tuned circuit 
frequency was not a factor but that the selectivity was tu function only of 
the bandwidth chosen. This is an invariable rule, providing the required 
Q’s may be attained as the frequency is increased. It therefore must be 
concluded that insofar as selectivity alone is concerned, there is no par- 
ticularly favored if, 
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7-6. Choice of If from the Standpoint of Stability and Gain Attainable. 


Generally speaking, the lower the if, the greater is the gain attainable and 


the stability of the amplifier as a whole. 


The problem of stability has been treated! in the literature. Briefly, in - 


Fig. 7-3, if the capacitance between plate and grid is C., and the effective 
shunt conductance of the tuned-grid circuit is g2, and the effective shunt 
conductance of the tuned plate circuit is g:, and gm is the mutual conduct- 


Fia. 7-8. Circuit for study of amplifier stability. C, represents the back coupling from 
output circuit to input circuit. 


ance of the vacuum tube, then the frequency at which oscillation will just 
take place for a single-tube amplifier is given by 


— 292 2 
fi miraT iA (7-18) 


If there are two similar tubes in cascade with a single tuned circuit of 


effective shunt conductance g;, connected from the connection between the — 


plate of the first tube and the grid of the second tube to the cathodes, and 
this conductance is equal to g; and gz, or g = gi = g2 = gs, then the fre- 
quency at which oscillation will just take place is given by 
_ 0.59? af 
ij gk (7-19) 
When there are three similar tubes in cascade with g = gi = go = 93 = 91, 
the frequency at which oscillation will just take place is given by 


0.3829? 
Laer 


TI mC o 
If there are four similar tubes in cascade with g = g: = g2 = gs = gs = qs, 
the frequency at which oscillation will just take place is given by 


_ 0.3339? ; 
i= se (7-21) 


(7-20) 


In each of the above equations it is seen that the upper frequency limit 
to stable amplification is inversely proportional to the grid-to-plate inter- 


*Thompson, B. J., Oscillation in Tuned Radio-frequency Amplifiers, Proce. TRE, 
March, 1931, p. 421. 
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electrode capacitance, and is also inversely proportional to the mutual con- 
ductance of the vacuum tube. These quantities may be determined quite 
readily from published data for the tube in question. It merely remains, 
then, to find the values of g1, go, etc. 

For simplicity of calculations, let it be assumed that the input and out- 
put circuits consist of critically coupled pairs of tuned circuits with the 
primary and secondary Q’s equal. It will also be assumed that the primary 
and secondary inductances are equal. 

In critically coupled identical circuits, the resistance coupled into either 
circuit is equal to its own resistance. Thus the effective shunt resistance 
looking into the coupled circuit is one-half that of a single circuit isolated, 
or the resistance is 

Ro = Ae (7-22) 
where X = 2nfL = 1/2nfC: 
L = inductance of one coil 
C, = shunt capacitance across one coil 
Thus the value of g is 


(7-23) 


If, now, a three-tube amplifier is considered, from Eq. (7-20), the limit- 


ing frequency is 
1.53 0.486 


I= EX nCs ~ X'Q'gnC. wir 
Now the gain per stage at resonance, when R, < rp, is given by 
G1 = gmlto (7-25) 
Thus the three-stage amplifier has a gain of 
Gr = gut = oS (7-26) 
Solving Eq. (7-24) for XQ, be 
XQ = Vaated (7-27) 
Substituting the cube of this into Eq. (7-26) for X*Q°, 
Gy = 2.0425 (Gm)? (7-28) 


(Cof)* 


This equation, then, gives the maximum stable gain for the three-tube 
amplifier. It is seen that the gain varies inversely as the 36 power of 
the frequency; thus maximum gain will be obtained at low if’s. Tt is also 


Library 
Central Washiacion College 


of (84 af 
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seen that tubes might be classified from the gain-stability standpoint ac- 
cording to a figure of merit based upon 


_ om 
ao (7-29) 


In a similar way, it may be shown th : o,. 
gain of d at a two-tube amplifier has a limiting 


0.1599m 
G2 a rik f (7-30) 
and that the critical frequency is 
75 0.636 
X?Q"gmCo (7-31) 


It should be noted that these gains can be realized only when careful 
shielding is employed, because these gains make no allowance for an 
coupling except that within the tube. Furthermore, the gains are reali 
only when the correct reactances are employed. Rausten (7-27), fi 
example, in the three-tube case, may be solved for X , in which case 7 


0.7 
QV anCof (7g 


As an example, suppose a three-tube amplifier is to be built, using 6AU6 
tubes. Co = Cop = 0.0035 uf and gn = 5,200 umhos. wee the equa- 
tions developed for the band-pass coupled circuits for the transmitt 
class B linear amplifier, critical coupling is given by . 


X = 


bee n 
am = 1-0 OBS oh Bre (7-33) 
If Q = Qe, 
ie 
=— (7-34) 
and thus : 
ae: 
= 0: (7-35) 
The attenuation is given by 
A=V1+ 2! (7-36) 
where z = 26/Vm = 2 6Q/V2 (7-37) 
Sincez = lfor A =V2, Eq. (7-37) may be set equal to 1.0 and Q solved for, 
1 
Q= ie (7-38) 


But Q = R/X, so the shunt resistance of each circuit is 


R=QX (7-89) 
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and at critical coupling the effective resistance is half of this or 


Ro = ue (7-40) 


Substituting Eq. (7-38) in Eq. (7-40), 


xX 1 1 
Bie ie = 7-Al 
26V2 24V2w0Ci V32afiC1 ae 


where f; = half bandwidth 
From Eq. (7-40) and Eq. (7-41) 


1 
Xe a ees 7-42 
Q V8 afiC 1 ( ) 
Substituting in Eq. (7-24), the limiting frequency is 
0.486 x 8rf PC? = 38.3f1°C1? bs 
ek das hone Lae 


Substituting numerical values in Eq. (7-43), assuming Cy) = 10-", and 
f 1 = 2 x 108, 
_ 88.2% 4 X 10! < 10-7? _ ; . 
I = 0052 x .0035 x 10 = B40 X 10 a7 
This means that for any practical if having a half bandwidth of 2 Mc, 
no trouble should be encountered from an instability standpoint. The 
gain of the three-stage circuit is, from Eqs. (7-26) and (7-41), 


Gm : 
G3 = gmRo? = 7-45 
:=9 (A oe (7-45) 


In the numerical example, 


0.0052 3 
g, = (—— ) = 1146)? = 1820 7-46 
: (zs m2 X 10° X Te ae ie 


This agrees well with the estimated gain of 14 per stage used earlier in 


this chapter. 

While the picture channel may be perfectly stable for any common if, 
the sound channel may be unstable. Suppose, for example, fi = 0.2 Me 
for half bandwidth; substituting this into Eq. (7-43), the limiting frequency 


becomes 
f = 8.4 X 10° eps (7-47) 


and the stage gain becomes 
G = gnk. = 146 (7-48) 


Thus this tube will provide a gain of 146 per stage at a bandwidth of 
0.4 Me and stably only if the if is less than 8.4 Mc. When a higher if is 
attempted, the gain per stage must be reduced in the same degree as the 
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frequency to the 14 power is increased, in order to retain stability. Thus, 
at 22 Mc, the gain must be reduced to 


8.4 
Go. = 146 X 4 lo9 = 146 X V0.382 = 90 per stage (7-49) 
and at 42 Mc, 
8.4 
Gaz = 146 X V9 = 146 XV 0.2 = 65 per stage (7-50) 


Probably the best way to reduce the gain is to increase C,, the tuning 
capacitance. In this way an amplifier having greater freedom from tube 
dependency would result, since a greater portion of the total capacitance 


would then be outside the tube. Thus, at 42 Me, since the total capaci- 


tance must be V5 times that at 8.4 Me, some 20 uuf could and should be 
used external to the tube. 

7-7. I-f Amplifier Circuits Employing a Transformer. In general, but 
two types of practical interstage circuits at present exist, although there 
are several others which have been considered for this application. The 
two types are (1) coupled pairs and (2) staggered single-tuned circuits. A 
study of each will be made. 

17.1, Optimized Attenuation with Coupled Pair. Figure 7-4 depicts 
an interstage circuit employing two tuned circuits coupled together to ob- 
tain a broad pass band. This circuit is supposed to be connected between 
a generator having infinite internal resistance (closely approached by a 
pentode) and a grid circuit having zero input conductance (negligible 
transit-time conductance and no d-c electron current flow). 


mr) 
Fie. 7-4. Circuit diagram of two tuned circuits coupled and individually damped with 
shunt resistance. 


The general characteristics for this circuit have already been studied 
under transmitters, but a few special points of interest will be noted. One 
of these points is that if the circuits are critically coupled, n/2m = 1 and 
the attenuation equation becomes 


leat a Ns (7-51) 

where z = 26/Vm (7-52) 
ee frequency from resonance 

resonant frequency (7-53) 

ee (7-54) 

soe (j a a) (7-55) 
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The value of z for A = V2 is 1.0, so that 


26 2 1 
= —— Ta a 7-56 
Oe ING hehe m sige: 


Substituting Eq. (7-56) into Eq. (7-52) for 2/Vm, 
ee (7-57) 


ie 


Substituting Eq. (7-57) into Eq. (7-51) for z, 


rie ee ( (7-58) 


Note that this is identical with the equation for the optimized attenuation 
possible with the two tuned circuits, Eq. (7-17), 


6 Qn 
Peer, ee (5) (7-59) 
61, 
where n = 2 


7-7.2. Double-peaked Response with Coupled Pair. An inspection of 
the general expression for attenuation of a coupled pair, Eq. (4-15), 


As afi—2(1- ge \e4 (7-60) 


reveals that if the coefficient of the 2? term is negative, a double-peaked 
attenuation curve results. A curve of this shape is useful in combination 
with a single-peaked response curve to provide an over-all response curve 
which is substantially flat over a wide band of frequencies. 

Double peaks may result from either of two or a combination of the two 
following operations upon a critically coupled pair: (1) the coefficient of 
coupling k may be increased or (2) the Q of either or both circuits may be 
increased by increasing the resistance of the shunt damping resistors. This 
may also be seen by examining the expression for n/2m. The value of m 
is given by Eq. (4-18) while n is given by Eq. (4-19); thus 


As either Q or k is increased, n/2m decreases, making the coefficient of z* 
in Eq. (7-60) become more negative. 

Now there is a difference in the way in which the double peaks develop, 
depending upon whether Q or k is increased, If k is inereased, the fre- 
quency separation between peaks increases with k; if, however, Q is in- 
creased, the peak separation in frequeney remaing practically constant, but 
the valley between the peaks deepens, 
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The peak rise above the valley may be defined as 
1 
(= Wie 1 (7-62) 
In order to determine the value required of n/2m for any desired value of 
A, Eq. (7-60) may be differentiated with respect to z, the derivative equated 
to “ETO, and the value of z, which yields Amin, solved for. Calling —a the 
coefficient of z?, Eq. (7-60) becomes 


A = (1 — az? + 24)3 4 
Thus “7 
dA 5 1 
ey (1 — az? + 2')?(—2az + 42%) = 0 (7-64) 
Whence the roots of Eq. (7-56) are 
C—O) (7-65) 
Zp? = give =4 bee. 
Pp 5 (7-66) 
pit 
e=5 (7-67) 


where zp =z corresponding to peaks. Substituting Eq. (7-67) in 


Eq. (7-63), 
Aum = 4f1— © (7-68) 


es 2(1 = He (7-69) 


Substituting Eq. (7-69) in Eq. (7-68), 


Ane er ei (1 - a (7-70) 


Substituting Eq. (7-70) in Eq. (7-62), 


1 


vi- (1-35) 


Solving Eq. (7-71) for n/2m, 


SOs tal 1 
on PON is (7-72) 


| laa Eq. (7-69) in Eq. (7-67) for a, and Eq. (7-72) in this for 
n/2m, 


But in Eq. (7-63), 


Ces EY Ns mr (7-73) 
But from Eq. (4-16) 


6 
2p = Peis (7-74) 
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Substituting Eq. (7-74) in Eq. (7-73), 


3p =Vin «1 a EBT - D? (7-75) 


ae ke 2 4 a na 
=Vo9.+* ii @+i? (7-76) 


It may be readily deduced from Eq. (7-76) that if A becomes very high, 
the quantity under the second radical sign approaches a limit of 1 and will 
show no appreciable change with A; if 6, is to remain essentially constant, 
then this increase in A can only have been accomplished by increasing the 
Q product, not k; for under the first radical sign, k occurs in the numerator 
of the second term, while Q occurs in the denominator of the first term and 
may therefore be increased without limit without disturbing appreciably 
the magnitude of the first radical. 

7-7.3. Circuit Gain with Coupled Pair. Two circuits, such as shown in 
Fig. 7-4, when tuned to the same frequency and coupled, are often em- 
ployed between two vacuum tubes in an amplifier. If the first tube is a 
pentode with a very high plate resistance, compared to the effective damp- 
ing of the primary circuit, then the gain from the grid of the first tube to 
the grid of the second tube is given by the equation 


C= mkt Ane at resonance (7-77) 
2 
a 


where gm = tube mutual conductance 
X, = reactance of one branch of primary 
X» = reactance of one branch of secondary 
k = coupling coefficient between LZ; and Lz 
Q, = primary Q = Ri/X1 
Q. = secondary Q = R2/X: 

It is known that the gain of the system is minimum if Q: = Q:2, and a 
maximum if either Q: or Q2 is infinity. By adjusting k, the value of 
n/2m may be kept constant to provide exactly the same shape attenuation 
curve. The following analysis is a derivation of the increase in gain 
obtainable by making the primary and secondary Q’s dissimilar. From 


oq. (4-18), 
1 
= eet 7-78 
k m QQ: (7-78) 
Let 
‘ 2 
ae 2, oo ome ae (7-79) 
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F : ; 
Since the attenuation curve is to remain constant, let 


n 
Ne 
: o. (7-80) 
= 2Km ] 
Substituting Eq. (7-79) in Eq. (7-81), se 
7 8K6,2 
a i 
but from Eq. (4-19) - eo 
1 bx 
n=(—+— 
Substituti i ( ‘ “) - 
ituting Eq. (7-82) in Eq. (7-83) and solving for Qs, 
ae __ Qize 

V8K &:Q: — a 

; 21 &2 

et the secondary and primary Q’s be related by 
_ aw 
mad, 0, or Q:=aQ, (7-85) 
ubstituting Eq. (7-85) in Eq. (7-84) for Q., and solving for Q, 
2 (1 + ‘) 
7 

Now from Eq. (7-85) oe ‘a 
Q:Q2 = Qi(aQi) = aQ,? (7-87) 


Substituting Eq. (7-86) for Q; in the right-hand side of Eq. (7-87) 


Q22" (1 + a 
0s = aa (7-88) 


Since the real point of interest is the change in gain from the case of equal 


Q’s (or where a = 1 i i i 
. ), @ gain ratio equation may be written from Eq. (7-77) 


Gain with a = a 


TT ee 7-80 
2 
Substituting Eq. (7-78) for the k’s k? + (1/Q:Q2)J ant 
eee? 
G, = | —_(Q19») | anc oa 


pa 
: aaa 
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Substituting values for a, Q:Q2, and m as given in Eqs. (7-88) and (7-79), 


(7-91) 


, may be expressed in terms 


Now K is n/2m; therefore from Eq. (7-72), G 
Making this substitution in 


of peak rise as well as by the Q2 to Q, ratio a. 


Kq. (7-91), 
2al 1 = a{1 = anal 


be ee (7-92) 
is [1 Ss Vi i 


Figure 7-5 shows the relationship between G, and a for a wide range of 
values of A. It will be observed that changing a has the greatest effect on 
gain when A = 0, and almost negligible effect on gain when A is greater 


than 0.7. 


Gi 


Gain at stated value of a 


Piss iste! 
hy ie Gain ata = 


Fia. 7-5. Curves showing effects on gain at resonant frequency fo for a two-circuit 
transformer by allowing inequality in primary and secondary Q’s for fixed values of peak 
rise A. For example, if the coupling is such as to give a peak rise of 0.1 and the gain is 
1.0 at Q) © Qy (or a 4), changing the Q ratio to 0.5 but keeping the peak rise at 0.1, 


the gain at f, would ineronse to 1,05, 
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A design point of interest is the increase in Q required to yield some 
specified peak rise A. Now in general 


a: We (7-93) 
eo, 


Assume now that Q, = Q) = Q. and that the coupling is critical ; then 
Eq. (7-93) becomes 


Be ohne P 
2m k.? + (1/Q,) (7-94) 


Now suppose each of the two Q’s is arbitrarily multiplied by a factor b. 
Equation (7-94) then becomes 


ie 2/b°Q,2 a 

2m ~ ke + (/bQ,) (7-98) 
But the solution for k,2 for critical coupling 
is obtained by setting Eq. (7-94) equal to 
unity and by solving for k,2, so that 


kim ie (7-96) 


Substituting Eq. (7-96) in Eq. (7-95) for ke, 
no 2/b2Q,? 2 
2m ~ (1/Q.2) + (1/697) ~ 1+ 52 797) 
The peak rise resulting from this applica- 
tion of the factor b to each Q may be de- 
termined by substituting Eq. (7-97) in the 
peak-rise Eq. (7-71), or 


i 
A= . = 1 
1 2 > 4 a 2s 
b V t rales age ») 
Fig. 7-6. Characteristic of two- = 1)2 
circuit transformer showing peak eae Ree: (7-98) 
rise A which occurs if the Q’s of the 


primary and secondary circuits are Figure 7-6 shows the relationship between 
both multiplied by a factor b assum- 


3 ge A and 6 over a range of b up to four times 
ing that the original transformer : saad te re i 
was critically coupled (A = 0). the @ require or critical coupling. The 
designer can readily predict from this curve 
what must be done to the Q’s of a critically coupled cireuit to obtain double 
peaks having a specified rise. The pass band will be only slightly affected 
by this change in Q, since the pass band is principally determined by the 
coupling coefficient k and by the circuit reactances, 
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When the Q’s are increased by the factor b, not only does the peak rise 


occur as derived in Eq. (7-98), but there is an increase in gain. The gain 
Eq. (7-77), at critical coupling and with Oy = Qs — O18 


gute X 1X2 (7-99) 
@=h2 + 0/0) 
Applying the factor b to Qo, 


QukeV XiXs (7-100) 
C= Fe 1/0) 
Thus the ratio of the gain with b = b to b = 1 becomes 


ke + (1/Q.%) af 
G2 = 52+ 1/0°Q,") 


Substituting Eq. (7-96) for k., : 


ph. 7-102) 
eee Ee a ; ( 
G@ = TTA 1+b 


The over-all gain ratio obtained by using the factor b and at: ae be a 
(the ratio of Q2 to Q:) is thus the product of Eqs. (7-92) and (7- ; 
1-—v1—1/(4+ 1)7] 
1 — 7a (+a)? (7-103) 
£2 Se See 
1—- Wl —v1— 1/4+ 1) 
If desired, A in Eq. (7-103) may be eliminated by employing Eq. (7-98) in 
its place, in which case the over-all gain ratio becomes 
= Vai—e?+e+a)? (7-104) 
@=-Graate ’' 


i i is the gain 
i Eq. (7-104) is referred is 
t the reference gain to which é ; 
Ree by a pate coupled (single-peak) ee 
orien and secondary loading factors, or Q’s, and is, from Iiq. ; 


2b? 
cs atl eH 


Ref G = to DGS s GnlesRs (7-105) 
elerence = 5) 


where R, = effective resistance shunting primary 
R, = effective resistance shunting secondary i ae 
Figure 7-7 shows the relationship between Gz and A os te sare 
Note that the rise in gain due to b alone for ey ee , ie haa 
= is actually a plot of Inq. (/- . I 
he curve for a = 1, and is actua a oe wp ee 
tg a obtained from Bq. (7-106), which is Eq. (7 105) with 


placed by its solution in Iq, (7-98), or 


Vina) + +ay' a+" -+ 2a)! (7-106) 
Gs = (Pal +4) 


Fic. 7-7. Curves showing effects on gain at resonant frequency f, 
transformer by allowing both a peak rise A to occur and 
(a = 1) to the values indicated. Thus a critical] 
(a = 1) transformer is used as a reference, 
times the original value may thus be had by permitti 
providing a Q ratio of 0.05. A similar increase in gain 
left at 1.0 and the peak rise allowed to become 0.25. 


be the sum total effects of tuned circuit- 
tube resistances. 


relationship Q = R/X in each case. 
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7-7.4. Design Procedure with Coupled Pair. The designer would follow 
the following procedure in designing the coupled circuit for maximum ampli- 
fication: 

1. Determine the highest reactances obtainable for primary and sec- 
ondary circuits by minimizing shunt capacitance to the limit. Call these 


X, and X». 


_ Gain of modified unit for & and a as indicated 
Gain of critically coupled unit ata =\ 


=| [Ath 
| | 
bales 


n 


0.1 0.2 0.3 04 0.5 06 0.7 


Peak rise A 


for a two-circuit 
the Q ratio to change from unity 
y coupled (A = 0), equally loaded 
where Gy = 1.0. An increase in gain to 1.6 
ng a peak rise of 0.075 and by 
would result if the Q ratio were 


2. Determine the effective values of R, and Ro. These resistances may 


element resistances and vacuum- 


3. Calculate the maximum values attainable for Q: and Q2, using the 


4. Determine from universal attenuation curves, Fig. 4-6, what the 


numerical values are for n/2m that will yield the particular response curve 
desired for the transformer. 


5. Calculate the numerical value for m from Eq. (4-16), or 


= 431° 


mm (7-107) 
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where 2; (which is 26,/ Vm) is read off Fig. 4-6 for some convenient point, 
usually at 1.41 or at 2.0 times the attenuation of the center frequency, and 
where 


3, = oh (7-108) 
fo 
where f, = center frequency , 
= frequency difference between center and the point where 2 was 


chosen for Eq. (7-107) 
6. Calculate the numerical value of n, using the relationship 
= 2m (—— (7-109) 
n = 2m Es 
where n/2m has been determined in step 4 above and where m has been 
termined by Eq. (7-107) in step 5 above. 
‘ 7. Solve Ba, (4-19) for a trial Q2 in terms of n and Qi, which yields 


1 _ 
Trial Q. = > (7-110) 
sea) 
Also solve Eq. (4-19) for a trial Q; in terms of n and Qs, which yields 
1 _ 
Tal (7-111) 
om 


where n is from Eq. (7-109), Q: in Eq. (7-110) is from step 3 above, and Q2 
i —111) is from step 3 above. 

7 pa Nat the sai of Qe and Q1 obtained by Eqs. (7-110) wai 
(7-111) with the actual values determined in step 3. if they Sc ie 
ceed with step 9; if they disagree, determine what physical opera . is a 
quired on primary or secondary to bring them into ne inte 
ample, if the calculated Q’s come out, lower than the actual Q’s, es A 
may be added in shunt to one circuit to bring My into naan sal 
caleulated Q’s come ott greater than the actual Q 8, a shunt condenser fica 
be added to one circuit to increase its Q. To obiet maximum gain, a 
ever, it is important to make the ratio of the Q's as great 2 = ‘n2 
Therefore, when a resistor is added, add it to the cireuit that a = : a 
the lower Q; when a shunt condenser is added, add it to the nae se ie: 
the higher Q. The latter operation of course may not be easi * i _ 
is already very high; in this case, the Q of the other See po a a 
improved to bring the actual Q’s into agreement wit e calcu 

: "6. Construct the physical cireuits and adjust the coupling until the 
prescribed response curve is obtained, 
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10. The gain may then be calculated by applying the basic gain Eq. 
(7-77), which is 


ie eee (7-112) 
4+ —4 
Q:Q2 
where k is solved for in the m Eq. (4-18) as 
1 
ie = 
pa a 


or 


b= afm — ah (7-113) 


A numerical example will now be considered step by step. Suppose that 
the i-f amplifier stage under consideration employs 6CB6 tubes at 40 Me 
center frequency and that it is desired to have a curve with double peaks 
having a peak rise of 0.10 and an attenuation of two times at a frequency 
2 Mc either side of the center frequency. 

1. The highest reactances at 40 Me obtainable in primary and secondary 
would be that of the tube, socket, wiring, and coil self-capacitance added 
together. For the primary side this may be 

Cy =. 5 upt (7-114) 
in which case 
Xi = fe = EADS See es 
woC, 2740 X 10° X 5 X 10-2 


Likewise, for the secondary side, it may be that 
C2 = 10 uuf (7-116) 


= 800 ohms (7-115) 


in which case 


il 
2G = iY ha 400 ohms (7-117) 
2. The effective value of Ri, the primary shunt resistance, is due to the 
coil loss, principally since the tube plate resistance is very high; if the coil Q 

is 100, ; 
Ri = Q.X1 = 100 X 800 = 80,000 ohms (7-118) 


The effective value of R2, the secondary shunt resistance, is due to two 
effects, the coil Q and the tube input resistance at 40 Me. If the coil Q is 
100 and the tube input resistance is 12,000 ohms, the total is due to 
12,000 ohms in shunt with 


R = QX2 = 100 X 400 = 40,000 ohms (7-119) 
so that 
12,000 40,000 
St: ee a: 
R, 12,000 -+ 40,000 9,200 ohms (7-120) 
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3. Maximum Q’s obtainable then become 
a SO 400 (7-121) 
Q = ¥, =~ 800 
Bi Oe (7-122) 
Q. = X,~ 400 3 


4. From the universal attenuation curves, Fig. 4-6, the curve for a peak 
rise of 0.1 is associated with 


2 = 0.585 (7-123) 
2m . 
5. The deviation ratio 5, for two times attenuation from the data given is 
2 (7-124) 
=— = 0.05 
ge es 


while from Fig. 4-6, the value of z (or 26//m) at two times attenuation for 


the 0.1A curve is seen to be 


a (7-125) 
= — = 1.5 
a Vm 
Thus in Eq. (7-107) 
_ 46° _ 4 X 0.05" _ 6 og444 (7-126) 
sata za? Tae 


6. Calculate n from Eq. (7-109), 
n = 2m (F.) = 2 X 0.00444(0.585) 


2m 
= 0.0052 (7-127) 
7. Solving for trial Q2 and Q,, 
1 1 
Trial = ———_ = 
ee Sn = NO R08 — <0 
1 
ie (7-128) 
= ————— = l6.l 
~ 0.072 — 0.01 
and : : 
Trial Q, = ———— = : 
ee ae . V0.0052 — 55 
2 


1 
=~ 0.072 — 0.0435 


8. Comparing actual Q’s with calculated Q’s, it is found that both of ry 
calculated Q’s are below the actual Q’s, ca a fap oe cea : 
i i sireuit, Since the seco 
be added in shunt with at least one cireui 
ee the lower Q, it is desirable from the maximum gain standpoint to add 


= 35.0 (7-129) 


Library 
Central Warhiagion College 
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this resistor across the secondary. The final value of Q: will be the same 
as the trial value given in Eq. (7-128), because Q: is not to be disturbed; 
neither is n to be disturbed. Therefore the total effective shunt resistance 
across the secondary must become 

R, = Xz (trial Q2) = 400 X 16.1 = 6,440 ohms (7-130) 
But the circuit is already loaded by 9,200 ohms, from Eq. (7-120); there- 


fore the loading resistance required across the secondary is just enough to 


bring the total down to 6,440 ohms, or 


_ 9,200 X 6,440 _ 
Rovosa = 9,200 — 6,449 ~ 21,400 ohms (7-131) 


As a check on calculations, Eq. (7-129) may now be solved for Qi, using a 
value of 16.1 for Qs, in which case 


Trial Q, = d = u 
us ee ae 
ious. 1. 0072 — 0,002 
16.1 
1 
= 5g] = 100 (7-132) 


This agrees with the actual Q:, and therefore the calculations check. 
9. The circuits are constructed by shunting the secondary with a re- 


sistor of 21,400 ohms, Eq. (7-131), and the coupling coefficient adjusted to 
provide the required m, or from Eq. (4-18), 


ane Se ee ee 
PARE ag, = CONS A ae 
= 0.00444 — 0.00062 = 0.00382 


or 
k =V 0.00382 = 0.0195 (7-133) 
10. The gain is calculated from Eq. (7-112), using 
k = 0.0195, from Eq. (7-133) 
Q: = 100, from Eq. (7-132) 
Q2 = 16.1, from Eq. (7-128) 
Xi = 800, from Eq. (7-115) 
X, = 400, from Eq. (7-117) 
gm = 6,200 X 10~* (from tube data) 
Thus 
Oita 6,200 X_10-*(0.0195) V800 x 400 
1 
2 Sa 
(0.0195)? + 100 X 16.1 
= 15.4 at resonance (7-134) 


Of this gain, that due to employing a peak rise of 0.1 and a Q ratio of 
0.161 may be determined from Fig, 7-7 as approximately 1.54, so that the 
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reference gain of a critically coupled equally loaded circuit would ee ar 
about 15.4/1.54 = 10. Even without a peak rise (A = 0), the gain due to 
unsymmetrical loading would have been about 1.26 times an equally loaded 
ircuit, yielding a stage gain of 12.6. . ' 
ar erent Amplifier Employing Coupled Pairs. The attenuation 
response characteristic of an amplifier employing N pairs of critically 


coupled circuits is ee 
Aa= [1 + (5) | (7-135) 
1 


It will be noted that this differs from the optimum possible with 
QN tuned circuits, which from Eq. (7-17) would be 
= 6\y (7-136) 
An= 41 +(5) 
Suppose it is desired to use but four tuned circuits altogether in an 
i-f amplifier. In order to make the greatest possible use of such a combi- 
nation, the over-all attenuation characteristics should be 


Ps i+ (2) (7-137) 


One way of achieving this result is to use a staggered quadruplet, but 
another way is to use two coupled pairs such that if one circuit has an atten- 


uation curve described by 


Ay=V1 + a2* + 2 (7-138) 
and the other by OME cere eer yon 
3 . 
the product is Ayla =V (1 + az? + 24) + be? F 2?) (7-140) 
and i de to be identical with 
— A\A2 =V1 +28 - (7-141) 


Ixpanding Eq. (7-140), 
AyAa =V1 + (a + b)2? + (2 + ab)zt + (a + bao + 28 (7-142) 


Thus, if Eq. (7-142) is to be made equal to Eq. (7-141), it is necessary 
that the coefficients of the z®, 24, and z* terms separately vanish, or that 


a+b=0 
7 2+ab=0 (7-148) 
Solving the simultaneous equation in a and b, 

be tv2 (7-144) 


a=tvi (7-145) 
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But in Eq. (7-138) or in Eq. (7-139), a or b is equal to —2[1 — (n/2m)], 
from Eq. (4-15). 
Therefore for one pair, 


n As 
~2 (1 * #) =v2 (7-146) 
or 
n V2 


or this pair is undercoupled. Likewise, in the other pair 


n 
ate Im) =~ ¥2 (7-148) 
or 
n v2 
2m = 1 ~g = 0.293 (7-149) 


or this pair is overcoupled, with a peak rise of about 40%. 

The same process may be applied to any number of pairs to achieve an 
over-all attenuation characteristic of the optimized form. Practically, 
however, there is no need for the extreme skirt selectively afforded by so 
many tuned circuits as would result by such a process. Since it is likely 
that three i-f tubes will be used, there will be four interstage circuits, so 
that four single-tuned staggered circuits may be used to obtain the desired 
selectivity. 

7-8. I-f Amplifier Circuits Employing Staggered Tuned Single Circuits. 
Single-tuned circuits may be employed as intertube coupling units to pro- 
duce a band-pass response by tuning the separate circuits to slightly differ- 
ent frequencies and by adjusting their respective Q’s to prescribed values. 
A study will be made of some of these arrangements. 

7-8.1. Staggered Doublet. Figure 7-8 illustrates two single-tuned cir- 
cuits, each tuned to a slightly different frequency to provide a band-pass 
arrangement. Figure 7-9 shows the transmission characteristic of the two 
circuits as well as the product of the two curves, which is the over-all trans- 


Fia. 7-8. Two single-tuned circuits LAC, and InCy arranged asa staggered doublet, 
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mission characteristic. It will be noted that the over-all characteristic 


is “flat”? over an extended frequency range. 
: The question is how to design the individual circuits to : is heats 
istic; i hall be the Q of each circuit and ho 
r-all characteristic; that is, what s e the : 
Fe from the center frequency should each circuit be tuned to resonance! 


it - No.2 circuit 
No.1 circuit . " 


- Overal/ 


ee ieikin tale 
Fic. 7-9. Individual and over-all response characteristics of the two circuits o 


staggered doublet. 


The general attenuation characteristic for a single circuit is given by the 


equation EN Gaer (7-150) 
(7-151) 

yhere z = 26Q 
y frequency from resonance _ f ~ fo (= 1a) 
resonant frequency fo (7-153) 


, = resonant frequency A 
Bes two single-tuned circuits, let it be assumed that their individual 


at : P re 
attenuation characteristics are, owing to off-center tuning, 


Ay =V14+ @(z — 2)? (7-154) 
Ay =V14 a@(z + 2)? (7-155) 


where z. = amount of detuning 
a = change in Q ' 
The over-all attenuation is then given by the product Aide, or 


AyAg =V (1 + a2 — 20)*I1 + a2 + Z0)?] (7-156) 


But this characteristic must resemble the optimized Sone ee for two 
tuned circuits in form but not necessarily in magnitude, so tha 


Avorai = BVil+ be (7-157) 


i i sorrection factor 
sre B = numerical magnitude correc 
get iq. (7-156) equal to Nq, (7-157) and squaring both sides of the 


equation, 


and 


[1 + a%(z2 — &) {1 4 a*(g + 2)*) = B*(1 + 2) (7-158) 


192 TELEVISION PRINCIPLES [Sec. 8.1 

Expandi - i i i 
PF panding the left-hand side and collecting the terms in ascending powers 
(1 + a%z?)? + 2a?(1 — a%2,2)z? + atzt = B? + Bre! (7-159) 


The coefficient of the 2? term must be zero f : : 
aud terms; thus. ero for equality of left- and right- 


2a?(1 — az,%) = 0 (7-160) 
Also, the coefficients of z° and z* must each be equal for the two sides, or 
A (1 + az,?)? = B? (7-161) 
2 te 
Solving Eq. (7-160) for z,2, ie 
2 4 
20? = (7-163) 
Equating Eq. (7-161) and Eq. (7-162), 
(1 + az.?)? = at (7-164) 
Substituting Eq. (7-163) in Eq. (7-164), 
> (1+ 1)? =a! 
phe c= or a=V2 ~ 
Substituting Eq. (7-165) in Eq. (7-163), -_ 
2 le or 2 =1/V2 (7-166) 


Since z = 1 for A = V2, the bandwidth is 2, so that 


5 ee 
eae (7-167) 


The rules for designing a staggered doublet are these: 

A. Determine the Q, of a simple single-tuned circuit that will have a band 
width (A = V2) desired of the staggered doublet. Q, will be equal to 
hast a re see frequency divided by the handwiaiy, ae 

. Each of the circuits of the staggered doublet i i 
a Q, which is aQ, or V2 times the O of the abn a —_ 

3. Tune one of the pair of staggered circuits so that it resinnites at a 
frequency below the center frequency by the bandwidth divided by 2V2 

4. Tune the other of the pair of staggered circuits so that it resonates at 
a frequency above the center frequency by the bandwidth divided by 2V2 
rs die pin seks ae let oe problem be to design a staggered doublet 
ate p ave a bandwidth of 4 Mc at a center frequency of 

1. The value of Q, is 


ao a, 
Qo = BW = < «= 10 (7-168) 
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2. The Q of each of the staggered pair will then be 
Q = aQ, =V2Q, =V2 (10) = 14.14 (7-169) 
3. One of the doublet circuits is tuned below f. by BW/2V2 so that it 
resonates at 


ies = ie a3? Bw = 40 — ak = 38.59 Me (7-170) 


2V2 2v2 
4. The other doublet circuit is tuned above f. by BW/2V2 so that it 
resonates at 
BW 4 
=f, + —= = 40 + —= = 41.41 Me 7-171 
n= het + vA Sor 
7-8.2. Staggered Triplet. As in the case of the staggered doublet, the 
product of the attenuation characteristics of the individual circuits is set 
equal to the attenuation characteristic of the optimized circuit arrangement 
and the coefficients are solved for. In the case of the triplet, one circuit 
is tuned to the center frequency while the other two circuits are tuned, 
respectively, below and above the center frequency. Thus 
AsA0A3 =V[L + @z — 2) "Il + We + Zo)*)[1 + b2?] 
= BN Ie" (7-172) 
The coefficients a? and b? are introduced to take care of the changes required 
in Q’s, while z. is used to show the fixed detuning from the center frequency. 
Expanding the square of Eq. (7-172) and arranging in powers of z, 
(1 + a%zo%)? + [2a2(1 — a2”) + BCL + a*Zo") "2? 
+ [at + 2a%2(1 — a%z.”)]z* + a%b?25 = B? + B%® (7-178) 
Setting the coefficients of like powers equal to one another (the 2? and z* 
coefficients being zero on the right-hand side), the following four simul- 
taneous equations result: 


(1 + az”)? = B? (7-174) 
a‘b? = B? (7-175) 
2a2(1 — a%o2) + b2(1 + a%2.7)? = 0 (7-176) 
at + 2a%b?(1 — az”) = 0 (7-177) 
These equations are solved for the unknowns yielding 
a=2 (7-178) 
b=1 (7-179) 
Zo =V0.75 (7-180) 
B=4 (7-181) 


As before, 2 represents the detuning where z = 1 for the edge of the band 
measured from the center. In terms of bandwidth, the detuning is half this 
amount, or (#/2)BW. Thus the rules for designing a staggered triplet are 


these: 
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1. Determine the Q, of a simple single-tuned circuit that will have a band- 
width (A = V2) desired of the staggered triplet. Q, will be equal to 
f./BW, or the center frequency divided by the bandwidth. 

2. The center circuit of the triplet is tuned to the center frequency and 
is designed to have a Q equal to Qo. 

3. The two side circuits of the triplet are designed to have a Q twice that 
of Qo. 

4. One side circuit is tuned below the center frequency by an amount 
equal to the bandwidth times V0.75/2 or V0.1875 BW. 

5. The other side circuit is tuned above the center frequency by an 
amount equal to the bandwidth times V0.75/2 or V0.1875 BW. 

7-8.3. n-Staggered Tuned Circuits. In a similar manner, it is possible 
to calculate the relative Q’s and detunings for n-staggered circuits. Table 
7-1 isa summary of these calculations on 1, 2,3, 4, and 5 circuits staggered.! 
The rule is: Determine Q, where Q, = f./BW; then refer to the table to 
obtain the design data for the individual circuits. 


TaBLeE 7-1. Summary or Staccerep TuNEp-crrcurr DEsIGN 


Staggered Circuit no. Resonant at Q A 

BDO Da sects iw sfocnk oe boic eye teas i fo — 0.3535 BW | 1.414Q, | 2 

2 fo + 0.3535 BW | 1.414Q, 
PemaTibtednctan rs cei 1A 4 vcore tes 1 fo — 0.4833 BW | 2Q, 

2 fo Qa. 4 

3 fo + 0.433 BW | 2Q, 
COraariUplStiests is, «sista itt aise Blain s oe 1 fo — 0.46 BW 2.63Q. 

2 fo — 0.19 BW 1.086Q. | 8 

3 fo + 0.19 BW 1.086Q, 

4 fo + 0.46 BW 2.63Q, 
Chmmtupleties.da sha ee char enties occa 1 fo — 0.48 BW 3.23Q, 

2 fo — 0.29BW | 1.235Q, 

3 fo Qo 16 

4 fo +0.29BW | 1.2350, 

5 fo + 0.48 BW 82008 


The column headed A indicates the attenuation at the center frequency 
when the staggered group is properly tuned as compared to all of the 
staggered circuits being tuned to the center frequency but with Q’s accord- 
ing to the stagger tuned theory. Thus, for example, if all three triplet 
circuits are accidentally tuned to f,, the gain would be four times in voltage 
at f, as compared to the gain at f, if they had been properly tuned. 

7-9. Trap Circuits and Audio Channel Take-off Connections. At some 
point in the broad-band i-f amplifier prior to the video second detector, & 


1 Burroughs, F. L., Simplified Wide Band Amplifiers, Radio and Television News, 
October, 1948, p. 58. (By special permission of the publishers.) 
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side channel may be coupled to one of the picture i-f-tuned circuits to per- 
form the dual function of introducing additional attenuation in the picture 
i-f channel at the sound carrier frequency and for the purpose of obtaining 
a substantial sound i-f signal voltage to be amplified and detected for the 
audio part of the television program. at 

In addition to the take-off circuit, other “trap” circuits may be coupled 
(later on in the picture if) to other i-f transformers or tuned circuits for 
obtaining still greater attenuation of the sound if prior to the video second 


detector. ie wi, 
7-9.1. Series-tuned Trap in Shunt with I-f-tuned Circuit. A trap circuit 


of this kind is shown in Fig. 7-10. 


Picture 
Li 


To sound I. F 


ircui ] purposes of attenuating the sound 
Fia. 7-10. Tuned circuit L:C, employed for the dual p 
if ye the grid of the picture i-f amplifier tube and of developing appreciable voltage to 


excite the sound i-f amplifier chain. 


The broad-band picture i-f stage is tuned by Ty and C, and is damped by 
R,. The sound i-f trap and take-off circuit consists of a series connection 
of Ls, C2, and Rz connected across the tuned circuit L, and C4. 

The impedance of the entire network is given by 


i) 
— 
sacri | 1 ; 1 

Te Re R + joi + i 

joly 1 Re+j (ot. = a 


This reduces to a more convenient form of 
= (7-183) 


patel A VO et 
1+ J0(F - 4) +] ma “| 


where Q; = Ri/ola 
Q» = wolie/Re 


wo = 1/V1AC\ = main circuit resonance 
w, = 1/V LC, @ trap circuit resonance 


A study of Eq. (7-188) shows that at f = fa, the impedance is reduced 
to something less than that represented by Ry in shunt with Ry; hence, by 


Library 
Central Washington College 
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designing the circuit for a large ratio of R: to Rs, a considerable attenuation 
is available at fs. Furthermore, if the trap circuit is to have but little effect 
at frequencies other than f:, the value of Q. must be high, so that the last 
term in the denominator becomes negligible as rapidly as possible with a 
change in f from the trap frequency fo. This means that L, must be made 
as great as possible. 

To illustrate what can be done with the trap circuit, consider the follow- 
ing example. 

Example. Let the circuit I; and C; tune to 24 Me = f;; let ivi 

‘ eee Q be 8, a 

width of 3 Mc; let f. = 22 Me, the sound if; let Ry = 3,000 hee, Qe be 100, waa Pe 


72.5 ohms. Then, in the absence of a trap circui i 
, t, =a ; 
Be yore p circuit, the impedance at f = f, is 3,000 ohms; 


3,000 3,000 


Ti eS SO 
jae oa) 1+4gia0 ° @ |Z| = 1,750 ohms _— (7-184) 
1-98 _ 
22 «24 
Now with the trap in place, at f = fo, 
A ee) Se 
1+ 71.39 + 3,000 42.3 + 71.39 or |Z| = 70.5 ohms (7-185) 
Thus the added attenuation at fo is 
= 15000). f 
A= 70.5 7 25 times, or 28 db (7-186) 


aA is somewhat greater than the attenuation usually attainable with 
such traps; practical traps may provide only:some 20 db i 
voltage attenuation. J oa 

When the trap of Fig. 7-10 is added to the circuit, it will be found that 
the main circuit will become detuned owing to the reactance of the trap 
circuit. Tn the example given, the trap will appear as a shunt inductance 
across the circuit for all frequencies higher than f2. It is therefore neces- 
sary to retune L, by increasing it slightly to bring the main resonant fre- 
quency down to its original value. 

Thus, solving Eq. (7-183) for f = fi, it wi i 

: = fi, it will be found that Z will no | 

be 3,000 ohms of resistance but will be s 


Z= — OD es mecinksiy ae 
; ™ 
1+2 1 
72. sn | 14413 tee 
5 i + j100 (1 = =| 1 + ji6 
a 3,000 x 3,000 
1+ 0.161 — 32.57 1.161 — 72.57 (7-187) 


The term —J2.57 is the detunin Tr i 
: g referred to. If Z; is now readjusted 
upward slightly, the term jQil(f/f) — (fi/f)] may be made to provide 
+J2.57 in the denominator, so that, approximately, 
gy ~ 3,000 


1161" 2,580 ohms (7-188) 
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which is not too greatly different from the original 3,000 ohms, the change 
being about equivalent to a loss of 13% in gain, or 1.2 db. 

7-9.2. Inductively Coupled Traps. Trap circuits may take on many 
other forms than that shown in Fig. 7-10, but all of them produce essen- 
tially the same effect. One of the forms commonly found is a resonant 
circuit, coupled inductively to the inductance of the main tuned circuit. 
In this case, the impedance of the entire network becomes 


le u (7-189) 


1 i) 
R, + joCi + ae o®M*(Re — jX:) 


jola + Re + iv 


where X2 = wLlz — (1/wC2) 
Lz = trap inductance 
C. = trap capacitance 
R, = series resistance of trap 
M = kv L,L2 

This equation may be reduced to an expression in Ri, Re, Qi, Qe, k, w, 1, 
and w, in a manner similar to the reduction of Eq. (7-182) to Eq. (7-183). 

7-9.3. Cathode Trap. Still another form of trap circuit is a shunt 
resonant circuit included between cathode and ground of one of the i-f 
amplifier tubes. This circuit produces a degenerative effect at the fre- 
quency corresponding to its resonance, thereby discriminating against that 
frequency. The effectiveness of such a trap circuit depends upon the 
mutual conductance of the vacuum tube; consequently, ave or variable 
grid bias should not be used on this tube because with a high negative bias 
the mutual conductance is reduced to such a low value that good dis- 
crimination is no longer attainable. 

7-9.4. M-derived Filter as a Trap. A last form of trap circuit, which is 
really no “trap” circuit at all but which is an m-derived band-pass filter, 
makes use of conventional filter theory. The circuit is shown in Fig. 7-11, 
yielding the transmission response characteristic shown in Fig. 7-12. The 
values for the inductances and capacitances are given by 


Kia. 7-11. Mederived band-pass filter employed as an i-f interstage coupling network. 
Pho tuned cireult LC) rejeota an unwanted frequency such as the associated sound if or 
. carrier of an adjacent channel television aignal, 
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4moL, 
jefe ag AL = 
= fe (7-190), = a) CG (7-194) 
i 
Le = Me (7-192) Cr — mC, (7-198) 
ip, = (fz — f)R (7-194 bes $8 Eee 
Saif he EE Serie i 


Mm, = Eee fi) 
las (fiw?/fo?) (7-196) mM = a Me (7-197) 


C’; = blocking condenser 


G. 7-12 se har act -derive al fi er W 
F I 12. Resp c eristics of a d 
ons n M- At d band ‘pass It ith infinite 


If it : Eee 
ah = aie e make the infinite attenuation frequency above fo 

: e transmission respon isti ing 
eee ponse characteristic and the following 


All formulas as given above except that 


- f= GRD 
™ ONT H fii) TAB) mami 100 


Fic. 7-13. Response characteristic of an M-derived band-pass filter with infini 
te 


7-9.5. Bri -T Circui i 
Pte Pea T vos for Infinite Attenuation. The series circuit 
rae anh gors B = i to a form of bridged-T network to compensate 
a vamah nace . to) a so that truly infinite attenuation is obtained. A 
ae 2 a6 : a sa Beret in Fig. 714, from the mid-position 
ing tee cca ot of C; is established by splitting C; 
The value required of R; is 


Ry = 2? _ wlaQs 
71 a Tat (7-200) 
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where R; = effective resistance in series with Li, which may be determined 


by a Q measurement 
w = 2nf., where fa. is the frequency for which infinite attenuation 


is desired 
Qi => Q of Ly at fo 


Ly FM 
26, 2c, 
Rs 


Fic. 7-14. Bridged-T network for obtaining a true null at a particular frequency. 


PROBLEMS 


+ has a noise figure of 6.2 db and operates from a 300-ohm 
al is required at black level at the antenna terminals if a 
re modulation index is 0.85? Assume 


7-1. (a) A certain receive 
antenna. What level of sign 
video-to-noise signal of 30 db is desired, if the pictu 


FCC standards for vestigial side-band operation. 
(b) What gain would you recommend’ that this receiver have between antenna termi- 
nals and the flat part of the if at the second detector input? How much noise voltage 
would appear at the picture tube in the absence of a signal as compared to a 90% modu- 
lated picture signal of normal contrast? 
Answers: 
(a) 336 pv 
(b) Gain = 138,000 for N/S = 0.25; 0.278 times as much noise as a 90% modulated 
signal 
7-2. A two-stage sound i-f amplifier employs single-tuned circuits between tubes and 
at the input and output. Each of the three circuits is tuned to the center frequency, and 
each has the same Q and the same X. 
(a) Derive the equation for the limiting frequency of stable gain for this amplifier 
similar to Eq. (7-43) for the coupled-circuit three-stage case. Let fi: be the half band- 
width for an over-all attenuation of V2. [Notw: These circuits are not arranged per Fig. 
7-1, since optimum use is not made of the three circuits.] Let Ci be the total shunt 
capacitance in each of the three circuits. 
(b) Determine the limiting frequency if fi 
pul, and gm = 0.0052 mho, 
Answers: 
we MNCs 
(a) f= “OG, 


(b) 12 Me 


= 0.15 Me, C, = 107 farad, C. = 0.0035 
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7-8. A coupled pair of tuned circuits is i i i 
, tur combined with a single-tuned circuit to i 
an attenuation characteristic having the form of the optimized characteristic _ 
A=V1+2 


for three tuned circuits. 


2-circult 1 
transformer circuit 


(a) Find the value required for n/2m for the double-tuned circuit. 

(b) Find the peak rise in this transformer. 

(c) Find the value of z where this peak rise occurs. 

(d) Write a simple set of instructions for designing the complete circuit where f, = cen- 


ter frequi = i i 
oe ie and BW = bandwidth at the overall attenuation point of A = V2. 


n 

(a) = 0.5 

(b) Peak rise = 0.155 

(c) 2 = 0.707 at peak rise 


7-4. Derive Eq. (7— ‘ A iene ¢ 
Pelationship e Kq. (7-200) for the value of Rs in the bridged-T circuit; that is, derive the 


ae wD? 
Rs 4k; 


CHAPTER 8 
PICTURE SECOND DETECTOR 


8-1. Picture Second Detector Output vs. Input Voltage Characteristic. 
A typical picture second detector circuit is shown in Fig. 8-1. The picture 
i-f voltage e: is applied to the diode in series with the load resistor R. The 
load resistor is by-passed by 
capacitor C for if but not for 
video frequencies. The video 
voltage across R is usually am- 
plified Dy She sit: SaGre video Fic. 8-1. Circuit diagram of the picture i-f second 
amplifier stages before appli- detector. As poled here, the diode provides nega- 
cation to the control grid of  tive-going voltages at e., which with the United 
the picture tube. States television standards will result in negative- 

The plot of the diode cur- °ing synchronizing pulses. The diode may be 
rent-voltage chara cteristic is ert to provide positive-going synchronizing 
shown in Fig. 8-2. Thisisnot "” 

a straight line but has a curvature such that the diode internal resistance 
decreases with increasing voltage. The relationship’ between current and 
voltage is given by 


4 = Ke® (8-1) 


The exponent a is about 1.5, although it can have a value anywhere from 
1.5 to 1.2, depending upon the design of the diode. Table 8-1 gives the 
values for a and Rz (the tube resistance at e,,) for a number of diodes. 


Mia. 8-2. Diode plate-voltage=plato-current characteristic. en is taken at one-fourth 
ém, the latter point being the maximum excursion positive for the wave to be rectified. 


' Dishington, R, H, Diode Cireuit Analysis, lee, Bng., November, 1048, p. 1043. 
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Taste 8-1. EXPONENT a AND Rag FoR SEVERAL COMMERCIALLY AVAILABLE 
Diopgs 
ee ee ee ee eee ee ed 
Tube @ Ra Tube a Ra 
1A3 1.24 4,000 6H6 1.30 500 
1B38GT 1.40 11,650 12Z3 1.42 107 
1V 1.45 154 25Z5 | 1.45 100 
5T4 1.46 139 35Z3 1.45 71 
5U4G 1.48 183 35Z4 1.44 62 
5W4 1.26 426 45Z3 1.48 127 
5Y3 1.49 333 45Z5GT 1.46 55 
5Z4 1.40 112 81 1.48 483 
6AL5 1.36 171 117P7GT 1.44 76 
6X5 1.46 224 117Z3 1.45 89 
6ZY5G 1.45 308 117Z6 1.45 118 


ee ee ee | eae 


A value very close to a may be obtained from the static characteristic of 
Fig. 8-2 by a two-point method where 


2 = (2) (8-2) 


7 by, 
where ¢;, is taken at the highest point on the static characteristic and where 
és, 18 approximately one-fourth of é,,. 

The input i-f voltage e, may now be found as follows for a given level of 
video output voltage e,. 

1. Calculate the d-c current through the load resistor R; this is 
in = 2 Ce 
R 

2. Find the equivalent static voltage drop across the tube by referring 
to the static characteristic such as Fig. 8-2 and reading off the value of ey 
corresponding to 7. Let this voltage be called es. 

3. The ratio of e2/e, is next computed. 

4. Referring to Fig. 8-3, the value of €/emax is obtained where @max = 
V2. The curves of Fig. 8-3 have been obtained by graphical integration 
for plate current wave shapes dependent upon a. 

For values of a other than 1.00 or 1.50, a linear interpolation between 
curves given may be used with good accuracy. 

As an example, let the detector be one diode of a 6AL5 tube. From 
Table 8-1 the value of @ is 1.36. Find the value of the rms voltage e; re- 
quired to produce 6.0 volts de (e,) across a diode load resistance R of 
2,000 ohms. 

1. The d-c current is 


= 0,003 | (8-4) 


iy = © 


apes 
R ~ 2,000 


Szc. 1] 
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Fic. 8-3. Curves showing the relation between e2/e. and €0/€maz as a function ee 
@ is the d-c output voltage, émaz the peak voltage of the sine-wave ecb oy : = 
measured from the a-c axes, and ¢ a d-c voltage found from the tube static i rac se sie} 
as the voltage required to cause a current equal to the de Joad current be nial Megs 
of a may be obtained from Table 8-1, Linear interpolation may be used for va 


a between 1.0 and 1.5. 
2. From the diode static curve for the 6ALS, the d-c plate voltage e2 
required to produce 0.003 amp of diode current is 1 volt = és. 


Ae (8-5) 
=-= = 0.166 
S Gs OU) y 


4. From Fig. 8-3, when e2/e. = 0.166, the value of ¢o/€max is found to be 
0.63 when a = 1.36 


Thus Ai 
=—@— =~ = 9.52 volt (8-6 
Cmax = 276, 0.68 9.52 volts 
or 37 
@; a SEE Bee 6.73 volts Kat 
v2 v2 


By taking several output voltages ¢o, it is possible to determine aoe 
corresponding values of ¢, and then to construct a curve of é v8. ¢ to de- 
termine the shape of the detector characteristic, 
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8-2. Diode Load on Preceding Circuit. The diode and its load represent 

a real dissipative load for its feeding tuned circuit. In Fig. 84 the equiva- 

lent resistance of the rectifier and its load are represented by Rac. It is 
'p 


anaes 
E 
R ac 
! 
i 
—_e. 3 
Fic. 8-4. Circuit for analyzing the effective load Rac caused by a diode having an in- 
ternal plate resistance 7, and a d-c load resistance R. 


observed that part of the loss is internal to the tube and part in the load 
resistor R. It will be assumed that the load by-pass capacitance C is large 
enough to effectively by-pass the if, so that no i-f ripple appears across R. 


This condition is sufficiently well met when the if is several times the highest 
video frequency. 


Fia. 8-5. Voltage-current diagram of a rectifier for computing the effective resistance 
of the diode and load. 


In order to facilitate the study it will be assumed that the rectifier is 
ideal in the sense that it has a constant rp, while conducting, which means 
that a = 1.0. While this of course could not have been assumed when 
studying linearity, it can be assumed without causing much error when 
studying the loading effect. 


Figure 8-5 shows the tube characteristic idealized as a straight line 1/ry. 
In this figure 
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Eae = d-e voltage developed (which is equivalent to a negative bias) 
E, = peak a-c voltage swing measured from the fictitious a-c voltage 
= 
axis 
rp = tube plate resistance 
‘wax = peak current through tube : 
oP = hed ses from cutoff to the fictitious a-c axis of sinusoidal current 
waves, measured as current ; 
8 = angle between zero on the fictitious axis to the point at which cur- 
rent just begins to flow ie 
It is seen that the average anode current 1s given by 


=P - I.(r — 28) 
Tac = - (imax + I.) sin’ do — pe (8-8) 
6 
The maximum current through the tube is determined by 
t = E, — Ee (8-9) 
max ty 


The fictitious current J, is determined by 


ieee (8-10) 
o Ty 
Substituting Eqs. (8-9) and (8-10) in Eq. (8-8), 
ax-B ‘ — Dy) 
Tac = Ey sin ¢ dd — Bucs — 26) (8-11) 
° arp Jp TT p 
Now it is known that 
Ex (8-12) 
Tas - a 


there R = diode d-c load resistance 
é Equating the right-hand members of Eqs. (8-11) and (8-12) and solving 


for r,/R give 4 
te ee ‘i ‘ane db <a (8-13) 


2a 


Performing the integration and substituting in the limits, remembering 
that 6 = sin (Ea/E>), Eq. (8-18) becomes 


rp _ 2cot B — (m — 28) (6-14) 


: ha Qn 


i is shown in Fig. 8-6. 
A plot of r,/R as a function of Eao/ Ey is 8 
The watts joes in the tube itself will next be determined to akon be 
portion of the total dissipated power, ‘The anode loss is the integra of the 
product of the instantaneous current through the tube and the instantane- 
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ous voltage drop across the tube for the period of current flow. If €p is the 
instantaneous i-f voltage measured from the fictitious voltage axis, then the 
instantaneous current through the tube is 


OF = Epi Eac (8-15) 


Fie. 8-6. Ratio of Ea, the d-c load voltage, to Hy, the peak of the a-c exciting voltage, 
as a function of the ratio of the diode internal plate resistance r,, to the diode d-c load 
resistance I. 


The voltage drop across the tube is 


et = @p — Bac (8-16) 
The watts loss is then 


Wes = Ih F petaes ae ‘f Gp — Eul'de = (G1 

The equation for e,, from Fig. 8-5, is seen to be 
ép = Ey sing (8-18) 
Substituting Eq. (8-18) in Eq. (8-17) and performing the indicated inte- 
gration, remembering that 8 = sin— (Ea./E), give for the anode watts loss: 


where N is the part in the brackets. 
The power lost in the diode load resistor is 


we, Ea? 


Wac R (8-20) 


The total dissipated power is thus Eq. (8-20) plus Eq. (8-19), or 


1 9 19 
We A (8-21) 
lp 
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Calling Ra. the total effective a-c resistance, the total power may also be 


expressed by 


Cie i 


Equating the right-hand members of Eqs. (8-21) and (8-22), 


aoe pee (8-28) 
2Rac R Tp 


From Eq. (8-14) it is seen that 


oe. R[2 cot 6 — (r — 26)] (8-24) 
ae 2a 
Substituting Eq. (8-24) in Eq. (8-23) and solving for Rac/R, 
Rac _ 4 (8-25) 
RR: gles 2rN 
ale + 3 cot B — (x — 28) 


It will be observed that the right-hand members of Eqs. (8-14) and 
(8-25) are both functions of one and the same variable, namely, Eac/Ep. 
Thus by assigning a range of values for this variable, it is possible to plot a 


between R,./R and r,/R. 
This is done in Fig. 8-7 ‘cals the calculated data tabulated in Table 8-2. 


Ea 
is Rae or —° ror 
TasLE 8-2. CaLcuLATED DaTA FOR R AND “Pp As FUNCTIONS E> 


Diope Drtrector 


As an example to illustrate the use of this curve, suppose the ec is 
one of the two in a GALS tube that has a plate resistance of about 300 ohms. 
Now if the diode load resistor were 2,400 ohms, 


te mm BOO, 0 0,125 (8-26) 
$7340" °! 
‘Whrery 
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Fig. 8-7. Ratio of the effective diode circuit resistance to the d-c diode Joad resistance 
Rsc/R as a function of the ratio of the diode internal plate resistance rp to the d-c diode 
load resistance r,/R. 


From Fig. 8-7, the corresponding value of Rac/R is 
R 


z 4 ~0.9 (8-27) 
Thus 
Ree = 0.9R = 0.9 X 2,400 = 2,160 ohms (8-28) 


This resistance should be taken into account when computing the damp- 
ing required on the tuned circuit or transformer which feeds the diode, 
since it may partly or wholly replace the damping resistor called for in the 
i-f band-pass circuit design. 

8-3. Video-frequency Amplifier. The video-frequency amplifier, which 
follows the detector, is employed to amplify the video-frequency voltage 
to a level sufficient to give full control of picture brilliance from black to 
a light output that approaches a saturation point in picture tubes known 
as “blooming.” It is the point where the spot size starts to increase very 
rapidly and a dot of light seems to spread out into a badly focused circular 
spot. The voltage required to reach this condition varies with the tube 
design but is usually between 20 and 75 volts; the 10BP4, for example, 
requires about 50 volts. 

The voltage gain of the video-frequency amplifier is consequently in the 
order of 25-fold. This may be attained with one or two stages, depending 
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upon the amplifying tubes available. A single high mutual conductance 
pentode is sufficient, but because of cost considerations a two-stage triode 
amplifier may be used wherein the two triodes are in one envelope. Suit- 
able tubes of the double triode type are the 6SN7GT and the 12AU7. 

Design considerations for the video-frequency amplifier have been 
covered in Chap. 3. 


PROBLEMS 


8-1. Compare the relative merits of a single 6H6 diode and a single 6AL5 diode as a 
video second detector. The circuit is the following: ; 


Chem /6H6 or GALS 


<= oso 


R = 2,500 ohms 
C2 = 20 uf = effective shunt capacitance including driver and 
diode tubes and strays 
Iz and C2 tune to 24 Me 
Bandwidth of L2C2 circuit = 4 Mc, where attenuation =/2 
rp = diode plate resistance = 1,000 ohms for 6H6 and 300 ohms 
for 6AL5 


For each type of diode: 
(a) Compute the effective a-c load resistance across L2C, due to the diode circuit. 
(b) Compute the value of R; to provide the required bandwidth, making due allow- 
ance for the damping due to the diode. 
(c) Compute the d-c voltage e, if e, is 0.5 volt at 24 Mc, and gm = 5,200 umhos. 
Answers: 


6AL5 6H6 
(a) 2,200 ohms 3,420 ohms 
(b) 20,400 ohms 4,730 ohms 
(c) 4.53 valts 2.71 volts 


CHAPTER 9 
THE SCANNING SYSTEM 


9-1. General Considerations and Standards. The scanning problem is 
one that exists both at the transmitter and at the receiver. Given the 
video-frequency modulation of the light output of the cathode-ray tube, it 
1s necessary to distribute this light in the proper geometric design in order 
to produce the original scene. This process of methodical distribution is 
accomplished by a suitable ‘‘scanning’”’ movement of the cathode-ray spot 
in the system of television now being employed. 

Convention has generally established that the area be scanned in hori- 
zontal lines. It is for this reason that ‘‘line” and “horizontal” are some- 
times used interchangeably in describing the horizontal movement of the 
spot. Convention has also established that the scanning direction be from 
left to right and agrees with the method of reading the printed line of 
modern Western European languages. 

The progression of successive lines is from the top to the bottom of the 
scene in agreement with the way printed matter is arranged. One traverse 
from top to bottom is known as a “field” of scanning. The number of 
fields per second is known as the “‘field frequency.” It is also called the 
‘vertical frequency.” 

In noninterlaced scanning, the lines of each field coincide so that no new 
areas are scanned on alternate vertical traverses. In this case, the com- 


ie iad ae 


Odd field Even field 


Fic. 9-1. Twofold odd-line interlace. The heavy lines are scanning lines; the dashed 
lines are return or flyback lines ordinarily rendered invisible by blanking. 


plete picture is scanned in one field and the “frame” frequency is identical 

with the field frequency, for the definition of frame frequency is the number 

of times per second the total field of view is scanned. In simple twofold 

interlace, two fields are required to complete a totally scanned field of view 

so that the frame frequency is one-half the field frequency. ‘The scanning 

lines for “odd” and “even” numbered fields in a simple twofold odd inter= 
210 
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laced system is shown in Fig. 9-1 for a case where the number of lines per 
field is 214, or the number of lines per frame is 5. 

This system of interlace is currently standard in the United States and 
Great Britain. In the United States, the total number of lines per frame 
is 525, while in Great Britain it is 405. The question may arise as to why 
these special numbers, 405 and 525, have been selected out of apparently 
many possibilities. In the first place, the number is always odd because 
each field contains a half line at the end or beginning, so that in two fields 
the total number of lines becomes an odd number. In the second place, 
the field frequency is usually generated by frequency division from twice 
the line frequency. The frequency dividers used are more reliable in per- 
formance if the frequency step-down per divider is limited to 7 or less. 
Each divider must be an ‘‘odd’’ divider to satisfy the first requirement set 
forth above. Thus subdivision must be limited to products including 3, 5, 
and 7 as factors. Table 9-1 is built up on this basis and includes all pos- 
sible combinations yielding final numbers less than 1,000 lines but greater 
than 105. 


Taste 9-1. Numser or Lines 1n Tworotp INTERLACED TELEVISION AND 
Tuer Factors 
(This table includes all the possible numbers between 105 and 1,000 when no 
factor is permitted to exceed 7) 


Lines Factors Lines Factors | Lines Factors 
125 53 245 Bx 567 Test 

135 33 xX 6 315 XOX 7 625 54 

147 CxS 343 7 675 33 x & 

175 XE. 375 3 X 53 ' 729 36 

189 rhe Gar f 405 5 X 34 735 T4251 Gir be 
225 3 xX 8 441 OK 875 53x 7 

243 35 525 B8XTX# 945 3X5 X7 


The standard United States composite television signal waveforms are 
shown in Fig. 9-2. The waveform identified by numeral 1 at the left-hand 
margin shows the composite signal just prior to a vertical blanking signal, 
the vertical blanking interval, and a part of the picture interval at the 
beginning of the next field. Waveform 2 shows the same information for 
the next field. Waveform 3 shows an enlarged view of the transition from 
vertical blanking to picture and certain details of the horizontal pedestal 
or blanking signal. Waveform 4 shows the detail of an equalizing pulse 
and one block of the six-segment vertical synchronizing pulse. Wave- 
form 5 shows the detail of one horizontal synchronizing pulse. 

It will be noted that the system is built up of alternating picture informa- 
tion and synchronizing information; a horizontal synchronizing pulse is 
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transmitted at the end of each line, and a vertical synchronizing pulse is 
transmitted at the end of each field. 

It will also be noted that the synchronizing pulses extend in the opposite 
direction from the black level as compared to the direction of picture in- 
formation. The synchronizing information is thus sometimes referred to 
as being ‘blacker than black.’’ In the United States, ‘‘negative’” modu- 
lation is employed in radio transmission; this by convention has come 
to mean that an increase in light in the original scene causes a de- 
crease in antenna current. Thus the maximum instantaneous antenna 
current flows during the transmission of synchronizing information. 
The transmitter is transmitting its greatest average power during an 
all-black picture and the smallest average power during an all-white 
picture. 

It will be noted that the synchronizing pulses seem to rest on slightly 
larger blocks; it is for this reason that the underlying blocks are sometimes 
called “‘pedestals.”” The leading level part of the pedestal just prior to a 
horizontal synchronizing pulse is called the ‘front porch,” while the level 
“nahi ve een following the synchronizing pulse is called the ‘back 
porch.”’ e width of the horizontal synchronizin i i 
half the width of its pedestal. ‘ ae an 

The vertical blanking signal, or pedestal, is of much longer duration, and 
the vertical synchronizing pulse is much more complex. The vertical ‘om 
chronizing signal has a duration of three full horizontal periods and is 
slotted at intervals corresponding to twice line frequency, or there are six 
segments in the vertical synchronizing pulse. The line frequency syn- 
chronizing pulses for three lines preceding the vertical pulse and for 
three lines following the vertical pulse are replaced with double line rate 
pulses, each of half the duration of the regular horizontal pulses. These 
pulses are known as ‘‘equalizing pulses.” The leading edges of these 
pulses are timed to agree with the leading edges of regular horizontal 
synchronizing pulses on a time-separation basis; the positive-going edges 
of the vertical pulse slots also agree with this timing. By this method al- 
ternate field vertical pulses are made to appear identical. Slotting of the 

vertical pulse continues the horizontal synchronizing information without 
interruption. The equalizing pulses make the periods of time prior to and 
following the vertical field pulse appear to have identical appearance, 
so that a simple integration method of separating the vertical pulses 
aa the horizontals yields accurately spaced pulses to ensure good inter+ 
ace. 

The top of the pedestal is marked “black level” and corresponds to zero 
light in the transmitted scene. There is a proposal before the RMA to 
modify this level so that black level will be 244% below the pedestal level, 
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This is being done to assure good blanking during retrace without running 
the danger of blacking out the darker parts of the picture itself. 

While it is beyond the scope of the present material to explain in detail 
the processes used in forming the composite wave at the transmitter, it 
may be stated generally that liberal use is made of ‘“‘keyer-type tubes” 
and “adders.” The former blank out regular intervals of continuous 
picture signal waves to form pedestals, while the latter are used to add 
synchronizing pulses to the pedestals. The synchronizing signals are 
sometimes referred to as ‘‘supersync.” The pulses are themselves formed 
by shaping multivibrator blocks through differentiation and integration and 
by clipping into the lengths and steepness required by the standards. 
The master multivibrator in the frequency-generating chain runs at twice 
the line frequency. Multivibrator frequency dividers step this frequency 
down in steps until the last multivibrator operates at the field frequency. 
The field frequency is then compared to the 60-cycle power-supply fre- 
quency; and a correction voltage is obtained, which operates on the master 
multivibrator to correct its frequency, so that the entire system is in close 
synchronism with the local power-supply frequency. When this is done, 
power lines may supply power for synchronous electric motors to operate 
motion-picture projectors, or to furnish power for studio lighting, with the 
assurance that these devices will be synchronous with the picture syn- 
chronization. 

9-2. Saw-tooth-wave Generation from Pulses. Line and field scanning 
systems, both at the transmitter and at the receiver, require saw-tooth- 
shaped waves of the type shown in Fig. 9-3. A current of this wave shape 


| 
he eee EPCS 


*s . Retrace 
Fic. 9-8. Saw-tooth scanning waveform. It may represent the voltage of deflection 
plates for electrostatic deflection cathode-ray tubes or the current through the yoke of 
magnetic deflection tubes. 


when passed through an electromagnet will produce a corresponding flux 
field to deflect the cathode ray smoothly, at a constant rate, across the face 
of the tube during the “trace” portion of the period and will provide a 
rapid return to the initial position in the time defined as the ‘‘retrace” 
period. A simple circuit for generating a close approximation to this wave 
is shown in I'ig. 9-4. 
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The vacuum tube is normally biased beyond cutoff but is made conduc- 
tive by the application of positive-going pulses between grid and cathode. 


Fic. 9-4. Vacuum tube used as a switch to generate a saw-tooth waveform of voltage. 
The grid is excited by short pulses having a duration during the conduction period equal 
to the saw-tooth-wave retrace interval. 


The pulses have a duration equal to the retrace interval of the saw-tooth 
wave. The electron tube serves as a switch in series with a resistance equal 
to the tube plate resistance shown in 

Key Ip Fig. 9-5. 
If it is assumed that the voltage 
R _ present across the condenser just prior 
C to a discharge cycle is Z,, then the vol- 
=p, tage across the capacitor during dis- 


charge by the pulses or by closing the 
Fig. 9-5. Equivalent circuit to Fig.9-4 key is 


with the tube replaced by a key. pale 
. : ea = Eee "2° (9-1) 


At the end of the time t,, the pulse disappears (or the key is opened), the 
tube cuts off, and charging commences. The voltage across the capacitor 
at the end of the discharge cycle is thus 


otk 
FE, = Ene TC (9-2) 
where t; = total time of discharge 
The voltage across the capacitor during the charging cycle is 
_ttte 
e = Ex asl. | pad (9-3) 
where ¢, = time required for capacitor to reach E, volts if it had been 
charged through R from E, from the time it had zero charge 
Under this condition it is seen that ¢, is defined by the relationship 
= eS 
E, = H(l1—e *°) = Eye 2° (9-4) 
It is likewise seen that if the charging cycle lasts for tg seconds (the trace 
interval), the voltage attained across C will be, from Eq. (9-8), 


fetlo 
R= E(l-¢ *®) (9-5) 
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Sie. 
Solving Eq. (9-4) fore “°, 


4 


ok z Ey — E.e "7° (9-6) 
Ey 
Substituting this in Eq. (9-5) and solving for E,, 
to 
Eyl —¢ * 
g, = 2s) (-7) 


Substituting this in Eq. (9-2), : 4 
B, = Hee (1 —e *) (9-8) 
Thus the peak-to-peak swing of the saw tooth is Z, — Ey, or Eq. (9-7) 
minus Eq. (9-8), or a5 
E, - E, = Se eS Pe (9-9) 


This may be written as 
Eo— B. O £90 = 


Ey . 1 ~_e- et 
1—e*—e%& +e et e 
= . 1— «et (9-10) 


Substituting the series 1 — 2 + x?/2! for exponentials in the numerator 
and substituting 1 — y for the exponentials in the denominator, Eq. (9-10) 


reduces to 


aie wi 
Wh ge 
This equation may be solved for the circuit constants to produce any 
given effects. For instance, if the discharge tube is a triode of a 6SN7GT, 
ry = 7,000 ohms, and if the next tube to be driven by the 6SN7GT is a 
6V6GT, it will need a peak-to-peak swing of about 25 volts = EH, — Hi. 
Assume E, = 250 volts and that t; = 0.04t2; then, in Eq. (9-11), 


as ty 
250 ~_, (7,000 
c ( 0.04 * k) 
or 
0.1 ty (9-12) 


™ €(175,000 + R) 
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In the case of the field or vertical saw-tooth generator, t2 = 0.96/60 = 
0.016 sec. Assuming C to be 0.03 uf, then 


0.016 
R= 9 7(08 x 10) 
= 5,330,000 — 175,000 = 5,155,000 ohms (9-13) 


In order to check the accuracy of these calculations and the validity of 
using the shortened series for e~*, EZ; and E, will be independently deter- 
mined from the exponential Eqs. (9-7) and (9-2) when R = 5,155,000 and 
C= 10103" uk. 

Substituting in Eq. (9-7), 

B, = 250[1 = «*1] _ _ 250(1 — 0.9018) 
° 1 = €73-%5—-0.1034 “1 — 0.0476 X 0.9018 
_ 250 X .0982 


0.95727 25.7 volts (9-14) 
and 
E, = E,e?-5 = 25.7 X 0.0476 = 1.225 volts (9-15) 
Thus 
E, — Ey = 25.7 — 1.225 = 24.475 volts (9-16) 


This is an error of only 0.525 volts in the 25 volts desired, or an error of 
2.1%, which is probably accurate enough for the purposes intended. 

The question of linearity may arise. The most severe test would be to 
compare the rate of rise at the beginning of the saw tooth with the rate of 
rise at the end of the saw tooth. The general differential is that of 
Eq. (9-3) with respect to time, or 


On sae 
te = ¢ [Ey(1 — ee" ®)| (9-17) 
pata, IE 
= 2 «BO, Fe (9-18) 


Defining linearity as one minus the difference between the rate at t = 0 
and the rate at t = te, all divided by the rate at t = 0, 


dee] _|de| [de 
A : ote dh Glin 
Linearity = 1 — : Es i= a tat (9-19) 
dt |, =o dt |t=0 


Linearity = “ ast ee (9-20) 


In the example cited, 
Linearity = ¢79-10% = (9018 (9-21) 
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This means that the speed of scan has gradually declined from its initial 
value to about 90% of its initial value at the end of the scanning field. 
Thus objects near the top of the picture would appear to be stretched 10% 
over similar objects at the bottom of the picture. This is an acceptable 
linearity for receivers but not acceptable for transmitters. The latter 
should be at least 95% perfect on linearity, although there appear to be 
many transmitters having some equipment with linearities much less than 
90% perfect. 

9-3. Saw-tooth Generation in Receivers. While the discharge method 
of saw-tooth generation is used both in receivers and in transmitters, the 
receiver case is somewhat different in that the discharge pulses are generated 
locally and controlled as to timing (i.e., synchronized) by received syn- 
chronizing pulses. Direct synchronization is usually employed for the ver- 
tical or field oscillator, whereas indirect synchronization is usually em- 
ployed for horizontal saw-tooth generators. The following discussion is 
divided into the three broad problems of (1) local oscillator circuits, 
(2) derivation of synchronizing pulses from the composite television wave, 
and (3) synchronization itself, both direct and indirect. 

9-3.1. Local Scanning Oscillator Circuits. The local oscillators of the 
scanning system may be either sine-wave oscillators or relaxation oscilla- 
tors. It is customary to employ relaxation oscillators for vertical scanning, 
but horizontal frequency oscillators may be of either type. 

The three types of relaxation oscillators employed most commonly are 
(1) the gas-discharge triode, (2) the blocking oscillator, and (3) the multi- 
vibrator. 

The gas-discharge oscillator is used quite commonly in British television 
receivers but is hardly ever employed in the United States of America. 
The reason for this peculiarity of usage is not known, but it is presumed 
that it just happened that early development in the two countries took dif- 
ferent paths; and, with the passage of time, more intensive development 
tended to maintain these different courses. 

The gas-discharge triode oscillator is shown in Fig. 9-6. The black dot 
inside the tube symbol indicates that the tube is a gas type. An inert gas 
at fairly low pressure is used in place of the usual vacuum. Suitable gases 


Positive synchronizing 

pulses 

Mra, 9-6. Gas-tube, self-running, saw-tooth waveform generator. Synchronizing 

pulses are fed to the control element to trigger the gas-tube discharge at a time during 
cach cycle somewhat prior to the time the tube would self-fire, 
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are neon, xenon, argon, krypton, and, less commonly, helium or radon. 
The vapors of some of the metals are also usable, tubes having been made 
employing sodium, cesium, or mercury vapor. 

The gas-discharge tube oscillator operates on the following principle: 
Let it be assumed that no synchronizing pulses are present, that the con- 
denser C is completely discharged, and that the anode supply voltage E, is 
switched into the circuit. The condenser C is charged through resistance 
f to form a slowly rising voltage according to the usual exponential law, 


ate 
@. = Ex(l—e *) (9-22) 


The tube will not become conductive until a critical voltage is attained 
from anode to cathode, dependant upon the tube design and the negative- 
ig voltage on the grid. The value of the critical plate voltage is given 
y 
€p = pL, (9-23). 
where HE, = grid-bias voltage 
#. = ratio of plate control to grid control and resembling the ampli- 
fication factor of vacuum tubes 

When the critical voltage is reached, the tube breaks down with the charac- 
teristic visible colored glow within the tube and the large current flow 
rapidly discharges the condenser, depleting the charge on the condenser to. 
such a low value that it can no longer furnish enough current to maintain 
ionization. The grid has no control over the discharge cycle, but on 
ionization ceases, the glow disappears and the grid once more resumes con- 
trol; then the cycle repeats itself, maintaining periodic self-oscillations 
Self-oscillations may cease if EZ, is too low or if R is so low that the averagl 

current flow through the tube is so high that ionization is not interrupted 

Synchronization is effected by superposing positive-going pulses from al 
exterior source on the grid-bias voltage. In order to obtain successful 
synchronization, the free-running frequency of the oscillator must be some 
what lower than the pulse frequency, and the amplitude of the synchroni*- 
ing pulses must be sufficiently great to overcome the amount of bias voltage 
in excess of ‘‘cutoff” at the instant the pulse appears. 

The free-running frequency of the oscillator may be adjusted by any of 
several methods, including varying the charging resistor R, varying the 
capacitor C’, varying the plate supply EZ», or varying the fixed bias 

The blocking oscillator makes use of a vacuum tube connected in Py feeds 
back circuit, such as the Hartley oscillator circuit. The feedback voltage 
to the grid is made purposely very high, and the grid leak and condenser 
product is made to have such a long time constant that blocking takes 
place at a frequency much lower than the tuned-circuit resonant { requoney, 
The circuit diagram shown in Vig. 9-7 is that of a blocking oscillator 
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adapted to produce saw-tooth waves at the blocking frequency across a 
condenser C, which is discharged by the tube and charged from H, through 
a resistance R. The grid voltage condition is shown in Fig. 9-8 for one 
blocking cycle. Beginning at the left, the tube is in a nonconducting state 
and the grid bias E, is slowly going toward zero voltage. After a time, 
the grid voltage reaches the tube conduction voltage, identified by the 


Fic. 9-7. Relaxation vacuum-tube oscillator of the self-blocking type. Firing time is 
adjusted by adjusting the grid-leak or grid-condenser elements. 


horizontal line marked “cutoff bias,” at which time the feedback is effec- 
tive in starting the oscillation. The a-c grid voltage builds up along a sine 
wave shape, and the bias continues to fall toward zero until the net grid 
voltage (ac plus de) is positive. Rectification then begins, and the d-c com- 
ponent increases in a negative direction, as indicated by the dotted line BC. 
At C the net grid voltage becomes negative and rectification ceases. The 


09 ,E¢70 


Fic. 9-8. Waveform of the instantaneous grid voltage of a blocking oscillator. 


grid-leak resistor then begins to discharge the grid condenser along the 
line CD. The a-e voltage meanwhile oscillates around the line CD as an 
axis, but owing to the losses in the a-c circuit, the next positive-going 
peak F' does not quite reach the conductive point of the cutoff bias line; 
consequently, the a-c wave rapidly dies out along a rapidly decaying ex- 
ponential curve and essentially disappears before the time the line CD 
crosses the cutoff bias line and before the next cycle starts. Plate current 
flows in short pulses during the time the net grid voltage is more positive 
than cutoff and hence does not show the damped a-c oscillation of the grid 
voltage. The pulse of plate current serves to discharge the plate con- 
denser C, as already explained, to form the discharge cycle of the saw-tooth 


wave, 
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The blocking oscillator may be synchronized by superposing positive- 
going synchronizing pulses on the grid voltage waveform. These may be 
introduced into the grid circuit through a small coupling condenser, as 
shown in Fig. 9-8, or they may be introduced in at the ground return of 
the grid coil, or they may be introduced in the ground return of the grid 
leak, or they may be introduced at the plate by negative polarity pulses 
that become transformed to positive grid pulses by the transformer. 


Fia. 9-9. Two triodes connected as a multivibrator saw-tooth waveform generator, 
Negative-going synchronizing pulses may be used to trigger the oscillation at a time 
prior to the self-firing time each cycle. 


The free-running rate of the blocking oscillator may be varied by an 
adjustment of the grid-leak resistance, as shown in Fig. 9-7, where the grid 
leak is shown connected as a rheostat. 

Blocking may cease if the grid-leak resistance becomes too small. In 
this case the rectification efficiency of the grid-cathode path is decreased 
to the point where the de developed is insufficient to prevent the succeed- 
ing positive a-c excursion of grid voltage from causing the tube to draw 
sufficient plate current to maintain continuous oscillations. A reduction 
in the size of the grid condenser can also stop blocking by making the dis» 
charge time so short that the d-c component approaches cutoff in only one 
a-c cycle so that conduction can take place. Insufficient feedback will 
also prevent blocking, because insufficient de is developed when the a-¢ 
exciting wave is of too low an amplitude. 

The blocking rate is roughly established by the grid-circuit time constant 
but is subject to many corrections from this value because of other varia« 
bles, such as the tube characteristics, the transformer ratio, the oscillatory 
circuit efficiency, etc. 

The multivibrator is a two-tube mutual feedback amplifier (ring-type 
amplifier) arranged to have considerably more than just sufficient loop 
gain to maintain an oscillatory state. One form of the multivibrator is 
shown in lig. 9-9. This form of multivibrator is especially useful when 
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external synchronizing circuits must be kept free from disturbances set up 
by multivibrator oscillations themselves. The tube on the left works as a 
simple. class A amplifier, while the right-hand tube operates as a pulse 
oscillator in the following way. Assume that the right-hand tube is biased 
beyond cutoff by some previous action. The grid condenser C, is then dis- 
charged by the grid-leak resistor R, in series with the plate resistance of 
the first tube. Eventually the bias will be reduced on the second grid to 
the point where that tube will begin to have plate-current conduction. 
The flow of plate current will pass through the common cathode resistance 
R» and cause the first tube to drive toward cutoff. However, owing to the 
gain of the first tube as an amplifier, the plate voltage will go more positive 
and cause grid 2 to go even more heavily into conduction, until grid 2 actu- 
ally goes positive with respect to its own cathode; then rectification will 
occur. In a very short time the limit of amplification or grid saturation, 
or both, will have been reached, whereupon the condenser C; will begin to 
discharge and the plate current of tube 2 will begin to diminish. This 
process is also accelerated by the feedback circuit, so that tube 2 quickly 
cuts off and leaves a high bias on its grid, which must leak off slowly 
through R, to complete the cycle. 

The multivibrator is free-running; its frequency is roughly determined 
by the time constant of the C,R; product in the grid circuit of tube 2. Ri is 
usually varied to change the free-running speed. 

The saw-tooth output voltage wave appears across the condenser C con- 
nected between the plate of tube 2 and ground. The pulses of plate cur- 
rent serve to discharge condenser C in a short time, and the recharging of 
the condenser takes place over a longer period through resistor  con- 
nected to E>. 

The multivibrator is synchronized by negative-going pulses applied to 
grid 1 and should occur at a time prior to self-firing; that is, the synchro- 
nized oscillator should run at a higher frequency than the free-running 
oscillator.. Negative pulses become amplified by the first tube and appear 
as positive-going pulses at the grid of the second tube to force the 
second tube into conduction to initiate the oscillation cycle. On account 
of the large voltage gain of the first tube, only a small synchronizing 
voltage is needed. Voltages in the order of one-volt peak are usually 
sufficient. 

9-4. Electrostatic-sweep Amplifiers. The two types of cathode-ray 
picture tubes are the electrostatic and the electromagnetic, named for the 
kind of sweep employed. Tubes 7 in. and under in screen diameter of the 
direct, viewing type are usually electrostatically swept, while tubes 7 in. 
and over, and projection tubes, are usually magnetically swept. 

The electrostatic tubes contain two pairs of deflection plates, at right 
angles to one another to provide for the two directions of sweep required, 
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namely, horizontal and vertical. A typical sweep circuit for one of the 
pair of plates is shown in Fig. 9-10. 

Amplifier tube 1 receives its saw-tooth wave of exciting voltage from the 
input terminals and amplifies the voltage. The output voltage of tube 1 
appears across load resistor R and is coupled to one of the deflecting plates 
of the cathode-ray tube through coupling condenser C;. A d-c path is 
provided from the deflecting plate to the second-anode voltage of the pic- 
ture tube by resistance R;. Grid excitation for amplifier tube 2 is furnished 


Fic. 9-10. Push-pull saw-tooth-wave voltage amplifier driven from a single-ended 
saw-tooth voltage source. 


by a voltage divider network connected between the anode of tube 1 and 
ground. The output of tube 2 is coupled to the second of the pair of de 
flection plates through coupling condenser C.; the deflecting plate is con« 
nected to the second anode supply through resistance Re. 

9-4.1. Fourier Harmonic Analysis of Saw-tooth Wave. The design of 
the amplifier circuit is in general accord with the design of audio-frequency 
voltage amplifiers as found in most handbooks; however, special precatl» 
tions must be taken in the case of saw-tooth wave amplifiers, to prevent 
waveform distortion arising from phase distortion and bandwidth limiting, 
Phase distortion is most likely to be troublesome at very low frequencies 
where the CR; product may be inadequate. Bandwidth at the upper fre- 
quency limit is determined by the circuit shunt capacitance, just as in the 
case of video-frequency amplifiers. 

A fair approximation of bandwidth requirements can be had by finding 
by Fourier analysis the amplitude of the harmonics of the waveform in 
question. Provision is then made for the highest components of impor- 
tance by circuit design. 

By employing the general formulas for waveform analysis, the amplix 
tudes of the d-c component, the sine harmonics, and the cosine harmonies 
can be determined. The general equation for a periodic wave having 
resultant form of y is given by 


Y = do + a1 COS p + ay COS 26 + ay COB 3H + + * + + ay COB Np + by Bin 
++ by sin 2h + by sin Bh qe + + + te Dy win 
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The formulas for analyzing any periodic function having a period of 
repetition of 27 are as follows. For the d-c component, 


1 Qa 
w= 3 { y dp 


where y = equation for the wave shape over the integration interval 
@ = variable angle 
For the coefficient of the nth cosine harmonic 


(9-24) 


20r 
= - { y cos np dp (9-25) 
0 
For the coefficient of the nth sine harmonic 
Qa 
isrmit if y sin ng dé (9-26) 
v 0 


The complete analysis will thus yield the solutions for the coefficients of 
the Fourier series representing the wave shape. 

The analysis of the particular wave in question will be carried out in 
detail by way of illustration. The saw-tooth wave shown in Fig. 9-11 is 


-r l-a 
Saw-tooth-wave Fourier harmonic analysis. 
three unique portions making up the complete cycle. 


Fia. 9-11. 1, Y2, and ys represent the 


characterized by three simple geometric expressions, namely, three straight- 
line equations for the three portions of y, designated by 1, Yo, and Ys. 
The wave is arranged on the axes in the way shown because of the sym- 
metry obtained. The maximum amplitude is Y as measured from the 
axis of symmetry. From analytical geometry, the equations for 1, y2, 
and y3 are seen to be 


"w= -Y edad sak (9-27) 
n=? (9-28) 
we ytit (9-29) 
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where yj; is limited to the region ¢ =—7 to —a 
y2 is limited to the region ¢ =—a to +a 
y3 is limited to the region ¢ = a to r 
The coefficient a, is thus given by the solution of the sum of three inte- 
grals, namely, 


i =a 1 fs il is 
= 3, f nde +5. [nde ta [nae 


Substituting the particular values for y:, y2, and ys, 
ayae 2 Pane ee TE Pg es ‘7 8 (9-31) 

2a r— @ a eee on] ee } 
Performing the indicated integrations, 


“roe OP re 
Pe CaS eens EE epee, Bose f 

2r(r— a) |us 2ma |-2 2(r—.@) |e 
Substituting in the limits indicated, 


“(ee $8) 16-9 
= 


2a(ar — a) 2ra 


(9-30) 


Ao = 


(9-32) 


2 2 
¥(5-sa+$ 
2r(a — a) =% 


(9-33) 


Thus the d-c component is zero. Next the solution for the cosine coeffi- 
cients will be obtained. From Eq. (9-25), 


m=z f -V¥ 2+ 8 cosng dg ++ Eyed 


cae se ifs 


In performing the indicated integrations, use is made of the integral 


equation 
fe cos ng dp = 5 (mene + 6 sin né) 


Employing this equation in the integration of Eq. (9-34) gives 


© cos npdp (9-84) 


(9-35) 


Gn = ee sin nd + = mE be + ¢sin n6) ve 
a(r = a) —* 
Y{[1/cos no z : 
+yaln( ne +e sine) 
a ele sin nd — H Gea ve + sin no) 


Substituting in the limits of integration indicated, 
a, = 0 
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Thus there are no cosine harmonics in the composite waveform. Finally, 
then, the coefficients of the sine harmonics will be solved for. From 
Eq. (9-26) 


aif "-¥ yt? in ng de ++ rfc sinneae 


wv 


Tv 


+5 [v FSS sin no dp (9-38) 
bs TF) Seay 


In performing the indicated integrations, use is made of the integral 


equation 
f ¢ sin nd dd = Agee — cos né) (9-39) 
Employing this equation in the integration of Eq. (9-38) gives 
i ee a [ $2 cos no + 5 Soe a 6 0s n6)]| 
~ a(r — a) n ay 
Y[1/smno _ ¢ 
7" Ta e (* n sa né) | -a 

¥ aaa = 1 sin nb ma “A 

+ mea a na Be cos nd 2 ioe @ Cos no) | (9-40) 


Substituting in the limits of integration indicated, 


=¥ \-2 = eos (—na) + saa SN Pus (—na) } 


r= 


(a — a) n 


+a 5}- = cos (— nm) + — 5 [SA + » 008 (- na) |} 
+ ¥{1 (sn — a cos na) a ee + a cos (na) |} 
4 eee ee cos nx — ee — 7 COs nz) | 


u(r — a) 


fe ae ee — COS Na — : bes — a cos na) (9-41) 
(ar — a) n n\ n 
Collecting like terms and simplifying, 

2Y 


n= na(r — a) 


sin na (9-42) 


Now if the trace time be called to, the retrace time t1, and the total time 


of a period be called 7’, then 


tor 


—T (9-43) 


az 


Substituting these values in Iq. (9-42), 


2Y7" . tener 


b, = wnt i, sin (9-44) 
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An evaluation of the coefficients for the horizontal saw-tooth sine h 
monics based on Eq. (9-44) is given in Table 9-2, where 7 = 1/15,750 = 
63.5 X 10-° sec, the retrace time t; is 12.5% of T, or 8 X 10~ sec, and 
trace time ft, is 55.5 X 10-® sec. Y will be assumed to be 7% X w/2 in 
order to simplify the calculations, so that 


_ 2X Tr X 63.59 Tne 
~ 3X 20'S X 55.5". 8 


2.55 sin n 2.75" = 722 sin n 157.5° (9-45 


bn 


Taste 9-2. ComFFICIENTS OF FUNDAMENTAL AND Harmonic SinE WAVES 


(The sine waves make up a saw-tooth wave of amplitude Y = 77/16, as measured 
from the axis of symmetry where the retrace time is 12.5% of one period) 


n bs n Dn n bn 

1 0.975 9 —0.0120 17 0.0034 
2 —0.450 10 0.0180 18 —0.0056 
3 0.262 11 —0.0195 19 0.0065 
4 —0.159 12 0.0177 20 —0.0064 
5 0.095 13 —0.0139 21 0.0054 
6 —0.050 14 0.0092 22 —0.0037 
% 0.020 15 —0.0043 23 0.0018 
8 0.000 16 0.0000 24 0.0000 


The Fourier harmonic analysis of the saw-tooth waveform, if carefu 
studied, will show that 

1. If the harmonics transmitted are all those up to and including n, 
resultant waveform will have a retrace time that is always greater t 
T/(n + 1), except for the ideal case where the original retrace time is ze 
and the resultant retrace time becomes 7'/(n + 1). 

2. The retrace time will be proportionately greater in the resultant wave 
if in the original wave the retrace time is greater. 

The meaning of the first postulate may be illustrated by a simple @xX+ 
ample. The series for a saw-tooth wave having zero retrace time is! 


y = K (sing — 078 4 S888 _ (9-46) 
Suppose only the first two harmonics are used. Then the resultant wave 
becomes 
w= K (sin o — an) (9-4 


1 Berg, E. J., “Heaviside’s Operational Calculus,” p. 169, McGraw-Hill Book 
pany, Inc., New York, 1936, 
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In order to find the retrace time, the wave Eq. (9-47) will be differen- 
tiated to locate the peak of the saw-tooth wave. Thus 


ath — 9 = cos — 008 26 (9-48) 
but 
cos 26 = 2 cos? ¢ — 1 (9-49) 
Substituting Eq. (9-49) in Eq. (9-48), 
cos ¢ — 2cos’??+1=0 (9-50) 
Solving for cos ¢, 
cos ¢ = 1 or —0.5 (9-51) 
The first root makes ¢ = 0 and so is not the peak; the second root yields 
~ = 120 or or (9-52) 


Now the postulate is that the retrace time will be greater than T/(n + 1). 
T is 2r, and n = 2, so 


4, = — oie (9-53) 
The retrace time, from Eq. (9-52), is 


t, = (Qe — 26) = (2. —2xX a) = 0.6677 (9-54) 
It will be observed that Eq. (9-53) equals Eq. (9-54) and hence agrees with 
the hypothesis. 
Suppose now that the 12.5% retrace saw-tooth wave be considered; from 
Eq. (9-44), using the first two terms, 


y2 = k,(0.975 sin ¢ — 0.45 sin 2¢) (9-55) 
4 = 0 = 0.975 cos ¢ — 0.90 cos 2¢ 
= 0.975 cos ¢ — 1.8 cos? ¢ + 0.9 (9-56) 
Solving for cos ¢, 
cos ¢ = —0.484 

@ = 119° = 0.6617 radians (9-57) 

The retrace time is thus 
ty = (24 — 26) = (24 — 1.38227) = 0.6784 (9-58) 


It will be observed that 0.6782 is greater than 0.6677 and, hence, agrees 
with the second postulate that dropping higher order harmonics from a 
wave with a larger original retrace time results in a greater resultant retrace 
time than dropping the same high harmonics from the ideal saw-tooth 
wave having zero retrace time, 
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The general conclusion is that in a practical system of limited bandwidth, 
the shortest retrace time will be obtained if the input wave has as nearly 
zero retrace time as possible. 

Thus, to obtain a retrace time of 1¢ the trace time, it is essential to trans- 


mit at least the seventh harmonic; in fact, if the input wave has appreciable 


retrace time, possibly the eighth, ninth, or tenth harmonic may be needed. 
The seventh harmonic of the horizontal frequency is 7 X 15,750 = 
110,250 cps. This frequency must therefore be provided for in designing 
the sweep circuits. 

The external plate-circuit resistance employed in the sweep amplifier 
may be computed from video-frequency-amplifier theory, based on the 
known value of shunt capacitance and upper frequency limit. The voltage 
required to sweep the cathode-ray tube may be determined from the pic- 
ture size, from the second-anode voltage, and from the deflection sensi- 
tivity of the deflecting plate structure. 


Once the peak voltage and resistance are known, the peak current may 


be computed by Ohm’s law, and a tube having that current and voltage 
capability is selected for the application. 

9-5. Electromagnetic-sweep Amplifiers. The general requirement for 
the saw-tooth wave of current through the coils of a sweep yoke is that the 
current vary linearly with time during the trace cycle and that during the 
retrace cycle the current be reversed and returned to the original starting 
point. Certain special problems arise in magnetic-sweep circuits, because 
the tube load consists of an inductance and a series resistance, both shunted 
by capacitance. The rapid decay of current during the retrace cycle may 
give rise to undesirable damped oscillations of the coil current that would 
make themselves evident as vertical striations at the left-hand side of the 
picture. Another problem, that of high-voltage surges across the yoke and 
tube during flyback, must be taken into account in designing the come 
ponents for sufficient insulation to prevent voltage breakdown and in 
choosing a tube having high-surge voltage capabilities without breake 
down. 

The oscillatory and high-voltage problems are not likely to be very seri« 
ous at the field frequency, but they are important at the line frequency, 
Before this subject is explored, however, a brief study of the mechanism of 
electromagnetic deflection is in order. 

A magnetic field gives an electron an acceleration at right angles to the 
direction in which it travels. Since the acceleration is always at right 
angles, the electron cannot change its speed but can change only the dired+ 
tion in which it travels. The kinetic energy of an electron moving in & 
magnetic field is a constant quantity; therefore the radius of curvature of 

1 Maloff, I. G., Cathode Ray Tube in Television Reception, Television (RCA Institutes 
Technical Press), Vol. I, p. 847, July, 1936, 
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the electron orbit can be calculated from the law of the conservation of 
energy. The radius is found to be 


mv 
ea (9-59) 
where e = charge of the electron 
m = mass of the electron 
v = velocity of the electron 
H = magnetic field intensity 
Equation (9-59) may be reduced to practical units and becomes 
p = 3.36 wes cm (9-60) 


H 


where V = electron velocity, in practical volts 
H = magnetic field intensity, in gilberts per centimeter 


Fic. 9-12. Geometric construction for determining the relations between deflection 
W and tube dimensions. 


Referring to Fig. 9-12, let D be the distance from the fluorescent screen 
to the edge of the field nearest the gun, and let d be the length of the mag- 
netic field along the axis of the cathode-ray tube. It will be seen that the 
electron path will be oab, with a curved section oa in the magnetic field and 
a straight section ab after leaving the magnetic field. The magnitude of the 
deflection W will be solved for. By geometry, 


gf =VP— a? (9-61) 
ac = p—gf=p—Vp?— a? (9-62) 
H 
i W =ac + (D — d) tang (9-63) 
but 
g (9-64) 


ey Vp! = d? 
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Substituting Eqs. (9-62) and (9-64) in Eq. (9-63), 


D —d)d 
WS oH Vian ae (D — djd 
p—Vp Lp eae (9-65) 
Now if d is small compared to D and p, then Eq. (9-65) becomes 
Dd 
} Bi - 
Substituting the value of p as given by Eq. (9-60), 
0.298DdH 
WwW = 
Vi (9-6 


This equation thus states that the deflection is directly proportional 
the field intensity, which means that the trace on the screen is a measu 
directly of the current in the deflecting coil. The equation also shows t 
the magnitude of the deflection is directly proportional to the length of 
field and to the distance D, and is inversely proportional to the square r 
of the second-anode voltage. Thus, with everything else being equal, 
long cathode-ray tube (also stated as a narrow-angle deflection tube) 
be easier to sweep than a short one. However, a short tube is more co’ 
veniently mounted in a television-receiver cabinet; at present tubes 
generally designed with a ¢ of 27.5°, measured from axis to maximum 
divergence. With such large angles, the approximate solution of Eq. (9-67) 
may have appreciable error, so that Eq. (9-65) may be required in ord 
to give sufficient accuracy. 

The maximum value for d may be determined from Eq. (9-63) b 
solving for d; thus 

ac 


V1 + cot? dnax — COt dmax 
Thus, since ac is the radius of the inside of the neck portion of the tube and 
is equal to approximately 0.55 in. in current tubes, when ¢max = 27.5°, 


0.55 in 
EL. Ae 9-60) 
V1+ 1.92? — 1.92 ( ) 


If d is made any greater than that given by Eq. (9-68), it will be found 
that the neck opening will cut off the deflection and cause a shadow to be 
cast on the screen, limiting the picture to a size smaller than the screen 
size. 


The value of pmin as determined from the angle ¢max and dmax is 
Pmin = AmaxV 1 + cot? dmax 
In the example cited, 
Pmn = 2.25V 1 + 1.92% = 4.87 in. 


= 2.95 1m: 
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In this instance, d is hardly negligible, compared to p; hence the approxi- 
mate equation will be invalid for large deflection angles. 

Another source of error is that H is in practice not constant over the full 
length of d but tends to reach a maximum at 0.5d, owing to the configura- 
tion of magnetic fields generated by a coil of finite size. 

A still further source of error is that when the cathode ray is being acted 
upon by two fields at right angles to one another, the electron trajectory is 
inclined to either field near the corners of the picture, which means that 
the deflection will be reduced 
from the expected values to an 
amount that may approach the 
cosine of 0.6 of the deflection 
angle; or, in the case in ques- 
tion, the reduction may make 
the diagonal only cos (0.6 X 
27.5°) = cos 16.5° = 0.96 times (a) (b) 
the desired value. The rect- Fic. 9-13. (a) Barrel distortion and (6) pin- 

: ; A cushion distortion in the pattern on the faces of 
angle is then distorted into a tatliodi-cny ibe 
shape called “barrel” distor- 
tion, as shown in Fig. 9-13a. On the other hand, if the yoke provides a fair 
amount of fringe flux at the exit end and if the tube has a fairly flat face, a 
type of distortion known as “pin-cushion”’, shown in Fig. 9-13b, may occur. 

Distortions of either type may be readily corrected by changing the dis- 
tribution of the turns making up the deflection coils and by shaping the 
field by the use of iron placed in appropriate positions with respect to the 
turns of the coils. 

In studying yoke-coil designs, it is convenient to correlate the H in 
Eq. (9-67) with the magnetic energy and power required to deflect the 
ray. Suppose the deflecting coil is made up in essentially a rectangular 
shape having n turns. Then the inductance is given’ by 


L = an*G 


where a = mean length of coil form 

a; = mean width of coil form 

b _ circumference of winding cross section 

a 2a 

G = constant depending upon the ratio b/a and the ratio of a;/a, as 

shown in Fig. 9-14 
A study of the curves of Fig. 9-14 shows that for high values of b/a and 

a,/a that as a is increased, G remains substantially constant; hence, from 
Eq. (9-72), the inductance increases linearly with a. Thus, if a constant 


(9-72) 


1Terman, F, 1, “Radio Wngineering,” p. 671, MeGraw-Hill Book Company, Inc., 
New York, 1947, 
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inductance is desired as a changes, n must be changed as the square root 
of the reciprocal of a. Since the magnetic intensity is proportional to ni, 
where 7 is the current, 
H=kni (9-78) 
where k = a constant 
The constant inductance from 
Eq. (9-72) is written as 
L=dn’G (9-74) 
where d of Fig. 9-12 replaces 
the a of Eq. (9-72), whence 


(o) 0.2 04 06 O08 1.0 


Short side n= (9-75) 
Tae te are dG 
Long side batituting E 73) in E 
Fic. 9-14. Curves for determining the factor G Substituting Eq. (9-73) 1a 
in Eq. (9-72) for the inductance of a coil of rec- (9-67) 
tangular shape. Wis 0.298 Ddkni (9-76) 
VV 
Substituting Eq. (9-75) in Eq. (9-76) for n, 
W = 0.298 Dik 4 Fea (9-77) 
Solving Eq. (9-77) for 2, 
‘ W GV 
* = 0.208 Dk V Ld om 


Thus for a constant deflection W on the screen, the current varies in- 
versely as the square root of d, the coil length. It is therefore important 
to utilize the greatest d possible up to the point where neck shadow just 
begins to become evident. The energy stored in the magnetic field is 


2 
ee (9-79) 


If W is given a constant value Wi, then, by substituting W, in Eq. (9-78) 

and by substituting Eq. (9-78) in Eq. (9-79), 
1 ( WYGV 
d\0.178 a 

Since the term in the brackets is a constant, the stored energy decreases 
as d increases in a linear manner. 

Since the physical size of the space occupied by the cross section of the 
winding is constant, the circuit resistance is approximately constant as d 
and n vary in accordance with equation (9-75). The power dissipated in 
the yoke, therefore, being 7?R, is, by similarity to Hq. (9-79), 


eo (9-80) 


P= 


QA 


(9-81) 
where K is a constant 
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Thus the power required to drive the current through the yoke varies 
inversely with the length of the yoke. Hence, from Eqs. (9-80) and (9-81), 
the sensitivity of the deflecting yoke varies inversely with the yoke length. 
At line frequency in practical yokes, the energy is much greater than the 
power; hence, the important consideration is the volt-amperes required to 
drive the yoke, and, particularly, since the current wave is variable with 
time, the peak volt-amperes are important in the selection of the vacuum- 
tube amplifier that drives the yoke. 

Since the yoke coil is essentially an inductance in series with a resistance, 
the voltage across the yoke is given by the differential equation 


oe 
e= Li + Ri (9-82) 


Now, if a pentode is used for the power amplifier, it is possible to make 
the plate current follow the grid voltage, because the tube plate resistance 
is substantially greater than the reactance of the inductance for frequencies 
up to the tenth harmonic of the fundamental frequency of the saw-tooth 
wave. The plate current will then have the form of a saw-tooth wave. 
The condition usually found in the yoke at line frequency is that the term 
L(di/dt) is much greater than Ri during the flyback interval, so that the 
voltage across the yoke is that shown in Fig. 9-15. e, represent the average 


Time —~> 


Fic. 9-15. Instantaneous plate voltage of a sweep amplifier tube feeding a magnetic 
sweep yoke having appreciable reactance-to-resistance ratio. 


plate voltage, which is approximately that of the plate supply. From 
Fig. 9-15 it is seen that the plate voltage may rise to several times the 
supply voltage. The rise may be as high as ten times e, if the grid voltage 
is allowed to vary from e, = 0 to e, = cutoff. The combination of the 
curve of Fig. 9-15 and a saw-tooth wave of plate current plotted on a 
vacuum-tube characteristic curve of 7» vs. ep is shown in Fig. 9-16. The 
letters abed on the two figures show corresponding parts of the cycle. 

The volt-amperes required are approximately equal to the voltage ab 
times the current be, ‘This may be eight times the power rating of the 
tube in peak-to-peak watts, Thus, an 807 tube operated into a deflection 
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circuit where the current is allowed to vary 200 ma with the voltage ten 
times 250, or 2,500 volts, may have a maximum volt-ampere output of 
& = et = 2,500 X 0.2 = 500 va (9-83) 


The nominal class A output of the 807 is about 7.5 watts, or the peak- 
to-peak power is 8 X 7.5 = 60 watts. Thus the ratio of peak-to-peak volt- 
amperes to peak-to-peak watts is 


(9-84) 


Fic. 9-16. Excursion of plate voltage and current on the tube characteristic curvel 
for the inductive load of a sweep yoke. The line cd may drop to the zero plate-curren 
axis in high efficiency or class C amplifiers. 


It is thus seen that the tube must be chosen carefully for successful ope 
tion with such high-voltage peaks. For this reason, the line-frequene 
power-amplifier tube usually has its anode lead brought out to a top cap 
instead of through the base. The 807 and 6BG6 tubes meet these re- 
quirements. 

9-5.1. Efficiency Diode. The above description is for essentially class A 
amplifier operation; like most class A amplifiers, the efficiency is quite low, 
The efficiency may be improved considerably if class C operation is em-« 
ployed. This method is used at the present time in all commercial re 
ceivers. 

In the previous description, no mention was made of circuit capacitaned, 
but a certain amount of shunt capacitance is present, contributed by the 
tube, the wiring, the windings and core of the transformer, and by the 
windings of the yoke. Use is made of the transfer of stored energy from 
the inductance to the capacitance in high-efficiency systems.' Consider 
the circuit of Fig. 9-17. This circuit is representative of those currently 
being used in many television receivers. ‘This circuit is disclosed essentially 
as shown in a United States patent 2,440,418, issued to 8. I. Tourshon, 


1 Schade, O. H., Magnetic-deflection Circuits for Cathode-ray Tubes, RCA Rev., Vol, 
VIII, No, 8, p. 506, September, 1947, 
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April 27, 1948. The sweep amplifier tube, a beam-power tetrode, has its 
anode connected to the primary of the sweep output transformer through a 
small antiparasitic resistor. The low end of the primary is connected to 
ground through a condenser C;. The secondary of the transformer is con- 
nected to the sweep yoke through a blocking condenser. A damping diode 
is connected from the high side of the secondary to a condenser C2, the 
lower end of which is grounded. A small variable inductance L; is con- 
nected between the high ends of C; and C2 and is made adjustable to pro- 


Gx, 


- HV. rectifier 


Sta: 5 Siw 


control 


Sweep 
amplifier ~~. 
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Yoke 
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Fic. 9-17. Diagram of a high-efficiency sweep amplifier employing an “efficiency” 
damping diode. Rectification of the fly-back kick furnishes high voltage for the second 
anode of the associated picture tube. 


vide trace linearity. A second inductance Lz is connected across the sec- 
ondary and is made adjustable to provide size control. The anode voltage 
supply is connected to the low end of the secondary of the transformer. 
The anode current then may be traced from the anode supply through the 
transformer secondary, through the damping diode, through the linearity 
controlling inductance, through the primary of the transformer, to the 
anode of the tube. 

A tertiary winding on the transformer has its low end connected to the 
anode of the sweep amplifier and its high end connected to the anode of a 
rectifier tube. The filament of the rectifier is heated by a fourth winding 
on the transformer, usually consisting of only one or two turns. The fila- 
ment is connected to the high end of the transformer secondary through a 
coupling condenser. The rectified voltage is filtered by a series resistor 
and is utilized by the second anode of the picture tube as the accelerating 
voltage. Voltages in the order of 8,000 to 14,000 volts may be obtained 
by this method, sufficient voltage for picture tubes up to 16 in. in diameter. 

The secondary of the transformer is connected so that it provides re- 
versed polarity with respect to the primary, Thus the anode current, 
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which flows in both of the windings, tends to buck out the unidirectional 
flux and hence aids in reducing the maximum flux. 

Before explaining the action of the efficiency diode in this circuit, some 
background is necessary on the voltage conditions present across the yoke 
in the absence of the diode. Consider the circuit in Fig. 9-18, which shows 
the yoke inductance L in series with its resistance R. Shunting the yoke 
is a condenser C, having the 
capacitance of the various wind- 
ings and the tube. The switch 
S symbolizes the sweep ampli- 
fier tube and is shown in series 
with a battery of # volts. 

Suppose that the switch § 
Fic. 9-18. Equivalent circuit of amplifier circuit has been closed for some time 
in which the amplifier tube is replaced by a and that the current through 
switch S. : 

the inductance has reached a 
value J. At the time t = 0 the switch S is opened; electronically this is 
accomplished by suddenly applying a high-negative voltage to the grid of 
the sweep amplifier tube. 

By Heaviside’s operational calculus,! the voltage across the condenser 
would become 


ee 


e= to (9-85) 


aera 


where J = original current through L 
Expanding Iq. (9-85), 


et Ph) TR ee) 
o> pCR + pL) +1 ple + pCR +1 (9-86) 


Separating Eq. (9-86) into two fractions, 


IR 1 Fi 
Bi) 
ve LC 


Le P+PTr tte 
Let 
R 
o> oe (9-88) 
Wo” = 7 (9-89) 
w? = Wo? = az (9-90) 
whence 
1 rR? 
asd 7 7 


1 Berg, op. cit., p. 58. 
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Then the solution of Eq. (9-87) for the a-c component of e is given by 


IR Te 2L 
sé Sa: - sin (wt + ¢) + CRG sinwt (9-92) 
= Ay L 40? 
where 
= Saas ap AM tal 
@ = tan” = tan pag — 1 (9-93) 


In a circuit where the damping is file low, this reduces to 


e=I (ect L = e sin Ta (9-94) 


A plot of Eq. (9-94) is shown in Fig. 9-19. It is seen to be a decaying 
oscillation with a frequency of 


i = 
iz 2nV LC dia 


. ; —— > Time or@ 


Fic. 9-19. Damped oscillation caused by suddenly opening switch S of Fig. 9-18 
at time ¢t = 0. 

Meanwhile, it is interesting to note how the current varies in the in- 
ductance. The current is given by the following approximate equation’ 
when the damping is low: 

Cosa (9-96) 


A plot of Eq. (9-96) is shown in Fig. 9-20. It is seen to be a decaying 


oscillation with a frequency of 
1 


~ -97 
Be 5 i ee 


—— Time or 


n 


Fia. 9-20. Current in yoke of Fig. 9-18 showing damped oscillatory nature. Switch S 
was opened at the time ¢ © 0 when the yoke current, was / amperes. 


1 Berg, op. elt, p. GO, 
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An inspection of Figs. 9-19 and 9-20 lead to these conclusions: When the 
current source is suddenly interrupted; 7.¢., the grid of the sweep amplifier 
tube is suddenly driven far negative to interrupt the plate current, 


1. The voltage across the yoke rises to a very high value along a sine 
waveform and the voltage then oscillates at a regular period. 
2. The current starts out at its initial value and begins to decline along a 
cosine waveform and oscillates at the same regular period as the volt- 
age but leads the voltage by 90°. 
3. The current reaches its greatest negative value (owing to the oscilla 
character of the circuit) at the instant that the voltage wave is passing 
through zero on its way negative. These points correspond to 6 = m. 


The operation of the damping diode is now made quite clear. ; 
diode is poled so that it is nonconductive for positive-going voltage; hence 
the diode does not interfere with the rapid swing of the yoke current from: 
a positive value to its most negative value, corresponding to the first 
radians of Figs. 9-19 and 9-20. Then, just as the current begins to r¢ 
verse itself to go in a positive direction along the cosine wave, an und@ 
sirable condition, the diode becomes conductive, throwing a comparative 
low resistance across the oscillation circuit and thereby damps the osci 
tion. 

If R is low, and Ri, the diode circuit resistance, is low, the capacitance @ 
may be neglected. The current through the yoke becomes, beginning with 

= 0 at the time the diode begins to conduct, 
_R+m 
i=-Ie 7 * 
The effective resistance R, of the diode circuit may be adjusted to provide 
the proper rate of current decline to match the rise of current in the coll 
toward the latter part of the trace cycle as provided by the sweep amplifi 
Figure 9-21 shows the yoke current components. 


_--- Retrace 
period of free 
oscillation 


<.. . Damper 
current 
Fic. 9-21. Diagram showing how the two components of yoke current, é.¢., that due 


the amplifier plate current and that due to the damping diode plate current, add up f 
give a smoothly increasing total current through the sweep yoke, 
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The sweep amplifier tube is brought back into conduction by proper 
grid-voltage control, at approximately one-third of the trace period. The 
grid voltage is saw-tooth in shape, to give the rise in yoke current as shown 
by the tube current curve. The grid voltage is as shown in Fig. 9-22. 


| 
I 
|— — —. Cut-off 
| 


le | 


Fig. 9-22. Sweep amplifier grid-voltage wave shapes: (A) without peaking; (B) with 
peaking or pulse component. 


The grid voltage should be driven negatively beyond cutoff during the 
retrace interval. It may take on the characteristic saw-tooth form as 
shown by curve A, or a pulse component may be added during retrace to 
hasten cutoff and to ensure nonconduction during the flyback interval, 
when the plate voltage is most highly positive. The pulse is added to the 
saw tooth by connecting a resistor in series with the discharge condenser 
in the saw-tooth wave generator, as shown in Fig. 9-23. This resistor is 


™- Peaking 
resistor 


Fra. 9-23. Sweep amplifier driver tube arranged to produce peaking by means of a 
resistor in series with the discharge condenser C. 


usually made adjustable so that the proper amount of pulse component is 
obtained. 

The design of the transformer! is fairly complex and will not be treated 
in detail. In general, best performance is obtained when the coupling 
coefficient is as high as possible and when the losses of the transformer are 
low. Coupling coefficients in the order of 0.98 to 0.99 are needed to 
obtain good utilization of the tube’s capabilities. 

The picture size control consists of an adjustable inductance shunting 
the yoke. The secondary current is divided between the yoke and the size 


1 Friend, A, W,, Television Deflection Cireulta, RCA Rev, March, 1947, p, 98. 
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control. A reduction in picture size is obtained by reducing the size- 
control inductance. : 

The output voltage of the damping diode is seen to be interconnected in 
the anode supply circuit to the sweep amplifier. This connection results 
in a ‘“‘boost”’ to the receiver d-c anode voltage, which may amount to an 
increase of 75 to 100 volts de over the normal supply voltage. 

As stated before, the linearity of the sweep is controlled by adjusting the 
load circuit for the damping diode. This control consists of an adjustable 
series inductance Li, Fig. 9-17, which is seen to be in the position of the 
smoothing reactor in a a-type low-pass filter. 

A single 6BG6-G sweep amplifier tube is capable of sweeping a 60° 
12,000-volt beam when circuit adjustments are optimum and when the 
transformer is an efficient one. 

High-voltage de for the second anode of the picture tube is obtained by 
rectification of the inductive ‘‘kick”’ at the retrace interval; such d-c sup- 
plies are often referred to as ‘‘kick supplies’’ for that reason. Usually a 
tertiary winding, as shown in Fig. 9-17, is added in series with the primary 
to provide the amplitude of pulse required. The rectification diagram ig 
shown in Fig. 9-24. On account of the pulse shape, the peak inverse volt+ 


Rectifier 
characteristic 


inverse 
Fic. 9-24. Rectifier characteristic with pulse wave applied. The d-c output is seen 
to approach the peak-to-peak voltage of the pulse wave as the pulse duration becomes 
small compared with the time of one complete cycle. 


age across the tube elements is but little greater than the de developed, 
The exact value depends on the wave shape but is usually something in the 
order of 15% to 25% greater than the de. 

9-6. Vertical-sweep Amplifier Linearity. The vertical-sweep amplifier 
linearity is adjusted by changing the bias on the amplifier tube; in this 
way, the curvature in the exponential saw-tooth wave as generated i# 
balanced against the tube curvature, which is in the opposite direction, to 
provide an over-all sweep current that is reasonably linear, In this way, 
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preponderately second harmonic distortion is changea to third harmonic 
distortion of the familiar S shape, which means that the picture is left com- 
pressed both near the top and near the bottom. 

9-7. Synchronizing Pulse Circuits. The picture portion of the com- 
posite television signal is removed by means of a ‘‘clipper’’ tube as shown 
in Fig. 9-25, to leave the synchronizing pulses, or ‘‘supersync,”’ for syn- 


o4 val an 
Horizontals Vertical 


Fic. 9-25. Clipper tube for separating the synchronizing pulses from the composite 
television waveform. Grid-cathode rectification provides automatic bias to render the 
tube plate circuit nonconductive during the picture portion of the composite wave. 


chronizing the scanning oscillators. The triode (or pentode) is self-biased 
by grid rectification of the composite signal wherein the synchronizing pulse 
portion of the wave is positive-going at the grid. The bias developed is 
great enough to keep the picture portion of the grid wave in the plate- 
current cutoff region, so that plate current flows only during the syn- 
chronizing pulse periods. This causes the plate voltage to have the form 
of negative-going synchronizing pulses, as shown to the right in Fig. 
9-25. 

Separation of vertical and horizontal synchronizing pulses for use in 
synchronizing the respective saw-tooth wave generators is accomplished 
by making use of fact that the two pulses differ in appearance. One 


LAAN UU 
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Fic. 9-26. Negative-going synchronizing pulses and the waveform (below) resulting 
from differentiation of the synchronizing wave. 


of the simplest and most effective ways is to “differentiate” the wave 
to obtain the horizontals and to “integrate” the wave to obtain the 
verticals, 

9-7.1. Differentiation. Consider the waves shown in Fig. 9-26. The 
upper wave is the output of the clipper; the lower wave is the differentiated 
wave, 
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The leading edge of each differentiated pulse is negative-going, and the 
relaxation oscillator is triggered by the pulses marked 1 through 9. A 
multivibrator is sensitive to negative-going pulses and may be synchronized 
directly from the differentiated wave. Two differentiation circuits a and 
b are shown in Fig. 9-27. The input wave to either circuit is shown in 
Fig. 9-27c, while the differentiated wave is shown in Fig. 9-27d. 


e\ C2 : 
(b) 
(d) 


(c) 


Fia. 9-27. (a) Elementary differentiating circuit utilizing a series condenser and a shi 
resistor. (b) Differentiating circuit utilizing a series resistor and a shunt inductan 
(c) Input rectangular pulse of voltage e; applied to differentiating circuit. (d) Outp 
wave é resulting from differentiation. 


The term ‘‘differentiation” obtains its name from the action of the ei 
cuit on the input wave. For example, the voltage e2, in terms of e 
Fig. 9-27a, is, for a sine wave, 


eg = 


— 1 (9-99 
ae 
= aC 


Now if the capacitive reactance is much greater than the resistance, 


he mis 4 tole, (9-100 
This may be interpreted as a constant times w times the original wave 
rotated 90°, but 
eye de 
a wt = w COS wt 
which again is w times the original wave rotated 90°; so evidently the cit» 
cuit treatment of Fig. 9-27 to a wave is the mathematical equivalent of 
differentiation. 
9-7.2. Integration. If the original wave of Fig. 9-26 is passed through 
a low-pass filter, such as shown in Fig. 9-28a or b, the input wave and oul« 
put waves are as shown in c and d of Fig. 9-28. 
It will be noted that short pulses, such as h, will have low amplitude 
the output, whereas long pulses, such as v, will build up to a considerab 
amplitude. 


(9-101) 
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The term ‘‘integration” obtains its name from the action of the circuit 
onthe input wave. For example, the voltage 2, in terms of e; in Fig. 9-280, 
is, for a sine wave, 


Sok 
Pagan 8 (9-102) 
Rak 
oC 
a; fia C2 
(a) (b) 
v v 


(c) (d) 


Fic. 9-28. (a) Elementary integrating circuit utilizing a series resistor and a shunt 
condenser. (b) Integrating circuit utilizing a series inductance and a shunt resistor. 
(c) Input wave e: to be integrated. (d) Integrated wave ez at the output terminals 
of the integrating circuit. 


Now if R is much greater than the capacitive reactance, 


a= (- as) ey 
This may be interpreted as a constant times 1/w times the original wave 
rotated backward 90° by the —j multiplier, but 


foineca won 
Ww 


which again is 1/w times the original wave rotated backward 90°; so evi- 
dently, in the limit, the circuit treatment of Fig. 9-28 to a wave is elec- 
trically the mathematical equivalent of integration. 

The way in which integration is performed is important in the case of 
separating the vertical synchronizing pulse. Extreme integration, while 
effectively removing the horizontals, also results in a vertical synchronizing 
pulse with a slowly rising leading edge. The synchronization effected by 
such a pulse is likely to be much more irregular than that obtained by a 
pulse having a sharp leading edge, wherein essentially full amplitude is 
attained in a half line length. A solution to this dilemma is provided by 
the expedient of multiple integration stages in cascade, wherein each stage 
produces only moderate discrimination at low frequencies, At high fre- 


(9-103) 


(9-104) 
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quencies, however, the over-all attenuation will be high, so that horizontal 
synchronizing pulses will be discriminated against effectively. 

By way of illustration of the superiority of multiple integration stages 
over a single stage, consider the attenuation characteristics of the two 


circuits shown in Fig. 9-29. 
@ C | e, @ | C, | Ce eo 


(a) (b) 
Fig. 9-29. Single-stage integrating circuit. (b) Two-stage integrating circuit. 


For the single stage shown in Fig. 9-29a, the ratio of output to input 
voltages is 


= 
Wee ee! AE 
e > _ i  jAR+1 (9-105) 
‘ @ 
The absolute value of this ratio is 
Se Se 1 
e| Vso +17 — uy os 


fe? og 
where w = 1/CR 
In Fig. 9-290, which shows a two-stage integration circuit, the ratio of 
output to input is 
ee 
e  1— RiRw Ci, + ju(RiGs + Ria + Rs) 


The absolute value of this ratio is 


= 1 
A Vi = BiRw°C.Cx)? + (RC, + RCs + RC, © 108) 
For the special case of Ri = Ry and C; = C2, Eq. (9-108) becomes 


e2| 1 
"Nia teers ea 
> — a 
PRaU: (9-109) 
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Now returning to the single-stage circuit, suppose it is decided to atten- 
uate the line frequency 100 times, or that | e:/e | = 0.01; then, solving for 
fo in terms of f2 (the line frequency), 


E Leo = Oil 
2 
1 
cad 
or 
fo = 0.01f2 (9-110) 
Substituting Eq. (9-110) in Eq. (9-106), 
en les 1 
: - ee = (9-111) 
Sf? 


Likewise, in Eq. (9-109), let f = fz and let | ¢2/e | = 0.01; then Eq. (9-109) 
becomes 
1 


——— = 0.01 
4 
1+ a 4 2 
or 
fo = 0.102fz (9-112) 
Substituting Eq. (9-112) in Eq. (9-109), 
€2| _ -— eee 5 
a 6. STE 0.932510" (9-113) 


Both networks, represented by ee (9-111) and (9-113), will yield 
exactly the same attenuation at f = f2; however, in order to show how they 
differ at lower frequencies, let the attenuation be solved for at f = 0.1fe. 
Substituting this value for f in Eq. (9-111), 


1 
S2? ce 


while substituting the same value in Eq. (9-118), 


e1 
e 


e2| _ SO ES OO eee ey ame 
e 6.75(0.1f2)2102 , 0.9325(0. 1f2) 110! 
Ak fy? =: fo! 


Thus the multiple-stage integration circuit transmits the intermediate 
frequencies; in the example cited, the two-stage circuit transmitted 0.1f> 
3.4 times more effectively than the single-stage circuit, even though the 
attenuations were the same for fe fy, Tt is currently customary to em- 
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ploy a three-stage integration circuit in television receivers; the resultant 
vertical pulse is fairly sharp and well defined, and it is problematical 
whether additional stages could give enough improvement to justify the 
expense. The 0.34 figure of Eq. (9-115) might be raised to 0.99, say, by 
using ten stages, but certainly the next ten stages could not be justified in 
raising the figure to 0.999, because 1.000 is the limit in any event. 

9-7.3. Time Constants of Vertical Synchronizing Pulse Integration Cir- 
cuit. The question arises as to the choice of a cutoff frequency for the 
integration circuit such that horizontal synchronizing pulses will not pass 
through the filter in any significant amount and yet such that the vertical 
pulse will pass through without too great attenuation. Now the length of 
the vertical pulse is three horizontal periods, or 3/15,750 sec = 190.5 usec. 
Percentagewise, in terms of 60 cps, 
this is 190.5 X 10~* X 60 = 0.0114, 
or 1.14% of the time of one field, 
Such a pulse when sent through the 
circuit shown in Fig. 9-29a comes 
out as shown in Fig. 9-30. 

The pulse designated as a is the 

Time —>- result of the use of a small RC 
Fic. 9-30. Wave shapes resulting from the product, while the pulse designated 
integrating process. (2) Medium integra- as b is the result of the use of a large 
tion. (b) More severe integration. RC product. The use of the anim 
RC product will result in a considerable amplitude of horizontal pulse, 
while the use of the large RC product will result in practically no 
horizontal pulse amplitude, unfortunately whether in a low amplitude 
vertical pulse or in one which has no sharply defined leading edge. A 
study will be made to determine some probable optimum values for the 
product. 

In order to judge the effect of the cutoff frequency on the wave shape, & 
quantitative analysis will be made. The wave shape across C during the 
time the 1.14% pulse is applied is given by 


- Original pulse 


t 
ey = E(L—e *°) (9-116) 


where EZ = peak voltage of original rectangular pulse 

Likewise, the wave shape across C following the cessation of the pulse is 
given by the value of Eq. (9-116) at the end of the pulse time multiplied 
by the decay exponential, or 


ean re 2 
e-~=E(l—e ™)e (9-117) 


where t, = time duration of pulse 
t = time measured from end of the pulse 
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Converting Eq. (9-117) to measure time from zero, 
hk _ica 
Cp Ere ete 
at ee See 
= EeF°(1 — ¢ Pye BO 
& ee 
= Ee? —1)e (9-118) 
where t = time measured from the beginning of the pulse 
t; = time duration of pulse 
If the cutoff frequency is assumed to be 60 eps, then RC = 1/w = 


1/2760 = 1/1207. Similarly, if cutoff is assumed to be twice the funda- 
mental frequency, RC = 1/240r, or, in general 


1 


RC = 120an (9-119) 
where n = multiple of 60 cps chosen for cutoff 
Equation (9-116) thus becomes 
ecoy = E(1 — e120") (9-120) 
The discharge equation, Eq. (9-118), becomes 
Go = E(¢0-0228™" 1 )e-120"0t (9-121) 


Table 9-3 was prepared by substituting in Eqs. (9-120) and (9-121) for 
n = 2, 5, 10, 20, and 40. The values selected for t were t = 0, 0.54, ti, 
2t1, 3t:, and 4, where t, = 190.5 usec. 


Tasie 9-3. Dara ror Piorrine Curves or Fia. 9-31 


ie oe 5 10 20 40 
0 0.000 0.000 0.000 0.000 0.000 
0.54: 0.070 0.164 0.301 0.512 0.761 
ts 0.134 0.301 0.512 0.761 0.943 
2h 0.116 0.210 0.250 0.182 0.0538 
3 0.100 0.147 0.122 0.0435 0.0031 
At 0.087 0.103 0.0595 0.0104 0.00017 


These wave shapes are shown plotted in Fig. 9-31. An inspection of these 
wave shapes shows that there is very little to be gained in signal amplitude 
by making n greater than 40, whereas greater values for n discriminate less 
against undesirable horizontal pulses. Therefore a suitable cutoff fre- 
quency would seem to be 40 X 60 eps = 2,400 cps. The horizontal pulse 
fundamental frequency of 15,750 eps would then be 15,750/2,400 = 6.55 
times cutoff frequency, which would, in a single-stage filter, result in a 
transmission of 0,15 as compared to 60 eps. The actual height of the hori- 
zontal pulses would be somewhat less than 0.15, of course, for the analysis 
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of a 15,750-cps pulse shows that the fundamental component is relatively 
small. The actual height is approximately 0.05 the values given in 
Table 9-3 for T = 0.5t,, because 0.5t, corresponds to 1.5 lines, whereas a 
single pulse is but 8% of a line in length; thus, at n = 40, the height of an 
integrated horizontal pulse would be about 0.05 X 0.761 = 0.038; this is 
about 4% as great as the final height of the vertical pulse. 


a 


——— 


Time ——> 
Fic. 9-31. Plot of the data of Table 9-3. A value of 40 for n will cause the peak 
voltage to reach better than 94% of the ultimate, so that little is gained by further 
increases in 7. 


The double-stage integration circuit performance may be solved in & 
similar manner, but a first order approximation of the performance may be 
obtained from a study of the steady-state analysis already made. In 
Eq. (9-109), let the over-all transmission be 0.707 at 2,400 cps. The re- 
quired value for f, then may be solved for as follows: 


il 
0.707 = § | (9-122) 
7 X 2,400? 2.4004 
a ee fi 
4 2 4002 
sae egies he (9-128) 


fot — 7 X 2,400?f,2 — 2.4004 = 0 
fiz = 7.14 X 2,4002 
fo = 6,400 cps (9-124) 
Substituting this in Eq. (9-109) for f., and solving for | e2/e | for f = 15,750, 


| 1 
=NTT7 x 2.46? + 2.464 ~ 0-112 (9-126) 


Now the Fourier harmonic analysis of a rectangular pulse wave having 
an amplitude Y is 


€2 
é 


(P= Pee sin Surb) (9-126) 
nT fl 


where n = harmonic number 
t = time of one pulse duration 
T = time interval of successive pulses 
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Thus the synchronizing pulse having t/T = 0.08 and Y = 1 yields the 
coefficients for the cosine harmonics as shown in Table 9-4. 


TasLe 9-4. CorFFICIENTS OF First Four Costnr Harmonics oF A 
ReEcTANGULAR PuLsE Wave 


(t/T = 0.08 and pulse amplitude is 1) 


n an 

1 0.158 

2 0.153 

3 0.145 

4 0.134 
etc. 


After passing through the double-stage integrating network, where f, = 
6,400 cps and the fundamental is 15,750 cps, these coefficients are reduced 
to those shown in Table 9-5. 


Tasie 9-5. Corrricients or TasBLe 9-4 Repucup By INSERTION OF A 
Dovsie-staGE INTEGRATING NETWORK 


/ 


n An 
i 0.0177 
2 0.0055 
3 0.0025 
4 Negligible 


Thus, since the first harmonic is the only one of consequence, the ampli- 
tude will be approximately 0.0177, or about 1.88% as high as the vertical 
pulse. This is appreciably less horizontal component than is provided by 
the use of the single stage of integration. The two-stage integration cir- 
cuit, with f, = 6,400 cps, might be designed with condensers of 0.001 uf, 
in which case 

lea OES 1 
= wo 26,400 X 102 


and the circuit would become that shown in Fig. 9-32. 
25KN 25K 


bh 0.001 | 0.001 
| mfd ] mrad 


Fra. 9-32. Typical two-stage integration circuit used in television receivers for extract- 
ing the vertical synchronizing pulse from the composite synchronizing wave. 


= 25,000 ohms (9-127) 


9-7.4. Time Constant of Horizontal Synchronizing Pulse Differentiation 
Circuit. The high-pass filter that separates the horizontal synchronizing 
information from the composite synchronizing signal will first be examined 
from a steady-state standpoint and then from a transient point of view. 


‘Library 
Contral Warhiavton College 


252 TELEVISION PRINCIPLES [Sxc. 7.4 


Consider the circuit shown in Fig. 9-33. As already determined by 
Eq. (9-99), the ratio of e2/e: is 


eee (9-128) 

1 T= ase! 

wCR 
Letting CR = 1/o1, where w, = 2zxf, and f; = cutoff frequency, the abso- 

lute value of Eq. (9-128) becomes 
e G Re ed) J (9-129) 
ey fie 
\ 


NS ears 
Fic. 9-33. Elementary dif- i 
ferentiation circuit. The question arises as to the choice of a suitable 
cutoff frequency such that vertical pulses will not pass through the filter 
in any significant amount, yet such that the horizontal pulses will pass 
through without too great attenuation. Now the length of the horizontal 
pulse is approximately 8% of a line ; 
length. Such a pulse, when sent 
through the circuit of Fig. 9-33, 
comes out as shown in Fig. 9-34. 
The pulse designated as a is the re- 
sult of the use of a large RC prod- 
uct (low cutoff frequency), while 
the pulse designated as b is the re- Fia. 9-34. Original rectangular pulse wave 
sult of the use of a small RC prod- and waves a and b due to differentiation, 
uct (high cutoff frequency). The 
use of too large an RC product will 
result in a considerable amplitude of vertical pulse, while the use of a small 
RC product will result in practically no vertical pulse amplitude. 

A study of Fig. 9-34 shows that no decrease in pulse amplitude resuli# 
through the use of small RC products; hence the conclusion might be that 
a cutoff frequency of 10 or 20 times the fundamental frequency of 15,750 eps 
could be used. However, the original pulse is not perfectly rectangular, 
because the bandwidth limits the time of rise; also the clipper plate circuit 
resistor is sometimes made high in order to obtain a greater amplitude, with 
the result that, owing to the presence of the circuit capacitance, some in« 
tegration of the horizontal pulses take place and they become rounded off, 
so that the pulse as applied to the filter may be more nearly half-sine wave 
in shape than rectangular. A study will therefore be made of the pulse 
produced by a half-sine wave applied to the high-pass filter of Tig. 9-33, 
The Heaviside operational equation of this circuit with a sinusoidal voltage 
applied is (during the pulse) 


@=E a sin wl (9-180) 


riginal pulse 
be? 9) Pp 


differentiation. 


P+ he 


(a) Light differentiation. (6) More severg — 
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This may be solved by means of Duhamel’s integral, yielding 


t 
, sin (wt — ¢) e ®° sin + 
e=EH [sin wt — Tt oR? wer aS (9-131) 


where ¢ = tan“! wRC 
Thus, as RC — 0, e2 > 0; hence the output at the filter is zero. Since 
the pulse length is about 8% of a line length, it corresponds to a half cycle 
of a frequency 
155750. 1. = 
f= 2 X 0.08 > 98,000 cps (9-132) 


or 
w = 2nf = 615,000 = 0.615 X 10° radians per sec (9-133) 


Suppose RC were chosen to provide a cutoff frequency of ten times the line 
frequency, or 157,500 cps; then 


RC = — = ————- = 1.01 X 10-* see (9-134) 
Thus in Eq. (9-131) 


V1 + wh? =V1 + 0.615? X 1.01? = 1.18 (9-135) 
Also in Eq. (9-131) 


@ = tan— (0.615 X 1.01) = tan— 0.622 = 32° (9-136) 
Whence 
sin ¢ = 0.53 (9-137) 
The value of ¢ at the end of the pulse is 
2 ee i Uy 
b= 9999 = O51 X 10% (9-138) 
Thus : 
e ®¢ = 5 = 0.0067 (9-139) 
Equation (9-131) is thus plotted in Fig. ie 3 
9-35: 2 | 
Curve 1 is sin wt Fic. 9-85. Differentiation of a 
sin (wt — ¢) half-sine wave, 1, analyzed by 


Heaviside calculus, yields two com- 
ponents, 2 and 3, which add up to 4 


Curve 2 is — 14+ OR? 


—¢ ® sin o to give the resultant differentiated 
Curve 3 is 7 + wR? wave. 


Curve 4 is the resultant of the three components 


An inspection of Curve 4 shows that the peak voltage is approximately 
one-half the original wave peak voltage. This is not seriously low, but it 
could be raised to about 70% of the peak by making the cutoff frequency 
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about five times the fundamental of 15,750 cps, or 78,750 eps. RC would 
then become about 2 X 10-*. If R were chosen to be 2,000 ohms, then 
Pipe NO 

2,000 

This filter would transmit only about 2% of the 25th harmonic of the 
vertical pulse and would therefore appear to be satisfactory. 

9-8. AFC Synchronizing Circuits. While direct synchronization of the 
vertical scanning oscillator is generally employed, indirect or automatic 
frequency and phase control! of the horizontal scanning oscillator is now 
almost universally employed. 

One of the problems in the reception of television images is to provide 
satisfactory synchronization in the presence of noise. In direct synchroni- 
zation, the received synchronizing pulse itself is applied to control an 
oscillator frequency. In an ideal system this method would provide very 
acceptable uniformity of line timing. However, in a large number of re- 
ceiving locations, the system falls short of the ideal because of noise present 
with the signal. This is particularly true in the more remote or fringe 
areas. A noisy synchronizing signal, if employed as direct. synchronize 
tion, would result in considerable nonuniformity of line timing, so that the 
picture quality is unduly impaired; that is, not only is the picture degraded 
because of “snow” or noise splotches in the picture content, owing to the 
noise voltage appearing as false picture modulation, but also the irregular 
synchronization of lines in itself causes a poor alignment of picture content, 
which is even more objectionable than simple picture intensity modulation 
by noise. 

Noise voltages present along with the synchronizing pulses may either 
act to add to or to widen the pulse and give too early firing or synchronizu- 
tion, or an opposing noise pulse at the leading edge of the synchronizing 
pulse may thin out the pulse to give late synchronizing. The time of the 
beginning of successive lines therefore is interfered with to give the charac+ 
teristic coarseness of the direct synchronized oscillator. 

A block diagram of an automatic-frequency and phase-controlled syne 
chronizing system is shown in Fig. 9-36, which also shows a television 
receiver arranged to provide synchronizing signals to a phase detector, 
This phase detector is provided with a second signal in the form of a saw 
tooth from the scanning system. A control voltage is produced by the 
phase detector, which voltage contains information regarding the relative 
phase positions of the saw-tooth wave and the synchronizing signals. The 
filter passes only the de and more slowly varying components of the control 
voltage. Rapid variations corresponding to erratic changes in relative 


spa = 0.001 uf (9-140) 


1 Wendt, K. R., and G. L. Fredendall, Automatic Frequeney and Phase Control of 
Synchronization in Television Receivers, Proc. 1.R.E., January, 1943, p. 7. 
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phase are eliminated. Thus the control voltage may be regarded as a 
direct voltage, which is applied to the scanning oscillator in order to restore 
the phase of the oscillator relative to the synchronizing pulses when there 
is a comparatively long-time trend in phase away from the equilibrium 
state established by the manual frequency control of the scanning oscillator. 
The noise immunity of automatic frequency and phase-controlled circuits 


Television Phase Filter Scanning 
receiver defector oscillator 
Amplifier 


Fic. 9-36. Block diagram of horizontal AFC circuit for producing stabilized sweep 
free from random noise effects. 


is a consequence largely of the filter; for spurious components in the control 
voltage, such as noise introduces, lie well in the attenuation region of the 
filter and cannot cause rapid or instantaneous shifts in saw-tooth phase. 
The phase detector may take on several forms, but for purposes of ex- 
planation, the simple system shown in Fig. 9-37 will be considered. The 
phase detector consists of a pair of diodes connected to two inputs. One 


Fic. 9-37. Circuit diagram of an AFC system for producing stabilized noise-free sweep. 


input is fed into the center-tapped transformer 1 and consists of synchroniz- 
ing signals from the radio portion of the receiver. These pulses thus are 
applied to the two anodes of the diodes in phase and in the proper polarity 
for best conduction. 
The other signal consists of a saw-tooth waveform from the scanning 
oscillator; it is fed in phase to one diode but out of phase to the other 
diode by action of the center-tapped transformer. The products of detec- 
tion are combined and appear across condenser C, which serves as the 
filtering condenser, ‘The dee voltage across C is applied to the grid of a 
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control tube. The anode of the control tube is connected through a tuning: 


condenser C; to the LC oscillating circuit connected to triode 2. This 
oscillator draws plate current in short pulses from its reservoir condenser 
C; to form a saw-tooth wave there across. A portion of this wave is the 
wave fed back to the phase detectors. 

The phase detector will be recognized as an adaptation of the frequency- 
modulation discriminator detector used in FM broadcast receivers. In 
the perfect equilibrium condition, the d-c voltages across the two diode 
load resistors will be equal in magnitude but opposite in polarity, to yield 
a net voltage of zero across condenser C. Any disturbance that might 


Lower diode 
input 


Upper diode 
input 


Fic. 9-38. Voltage conditions on the two diodes of the phase detector of Fig. 9-87. 


cause a change in relative phases of the two applied signals will, in turn, 
cause one voltage to increase and the other to decrease, to give rise to & 
d-c control voltage. If the transformer 1 is correctly poled, the de will 
cause control tube 3 to act upon the oscillator to change its phase and 
frequency in the direction to return the system to its former equilibrium 
position; the d-c control voltage thus tends to maintain the proper phase 
relationship between the two signals. 

Figure 9-38 shows the voltages applied to the two diodes. The solid 
lines indicate normal equilibrium. The peak of the pulse is two units 
above the dotted a-c axis, and upon rectification will produce equal voll« 
ages giving a resultant of zero. Now suppose the local oscillator for some 
reason or another tends to run more slowly, as indicated by the dashed 
saw-tooth wave. The pulse on the lower diode saw-tooth wave rides 
further away from the axis and so produces almost three units of d-c volt« 
_ age. On the other hand, the slow saw tooth at the upper diode causes the 
pulse to ride further down on the saw tooth, thereby producing only one 
unit of d-c voltage. With the connections as shown, the net effect is to 
cause the lower diode to predominate, which means the net control voltage 
is negative. A negative voltage on the control grid of triode 3 tends to 
remove the tuning condenser from its position across the tank and, hence, 
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tends to raise the oscillator frequency. Consequently the oscillator speeds 
up to return the system back toward its equilibrium position as wanted. 
It will, of course, not return all the way, because some error voltage must 
exist to maintain a definite control in the proper direction. 

The “‘hold-in”’ range of the automatic control system may be defined as 
that frequency range of the free-running oscillator frequency over which, 
when once locked in, automatic control can be maintained. Thus, if the 
synchronous frequency is 15,570 cps, and automatic control is in effect, it 
may be possible to operate the manual frequency control until the oscillator 
drops out of synchronism and the free-running frequency becomes 17,000 
cps on the high side; on the low side, drop-out may occur at 14,500 eps. 
The hold-in range would thus be 17,000 — 14,500 = 2,500 eps, or + 1,250 eps. 

The factors which determine hold-in range are 


1. The maximum and minimum frequencies attainable with the control 
tube, which is in series with the controlling tuning condenser from 
zero grid to plate current cutoff 

2. The phase detector d-c output range 


The latter range is, from a study of Fig. 9-38, limited to + #, where E is 
the peak-to-peak height of the saw-tooth wave. This assumes that the 
synchronizing pulse height is at least as great as H. All of these factors are 
readily calculable so that any hold-in range desired may be provided for 
by employing suitable voltages and a control tube of adequate power 
handling capabilities. 

The ‘‘pull-in”’ range of the automatic system may be defined as the fre- 
quency difference between the maximum free-running frequency above the 
synchronous frequency at which lock-in always takes place and the mini- 
rum free-running frequency below the synchronous frequency at which 
lock-in always takes place. Thus, beginning with 20,000 cycles (and thus in 
a nonlocked condition), it may be found that as the free-running frequency 
is gradually reduced, a point will be found, say, at 16,250 cps, where the 
control system will take hold and correct the frequency to the synchronous 
frequency of 15,750 cps. On the low-frequency side of the synchronous 
frequency, beginning, say, at 13,000 cps, the free-running oscillator fre- 
quency may be slowly increased manually until 15,250 cps is reached; at 
this point the control system will take hold and automatically bring the 
frequency to the synchronous frequency of 15,750 cps. The pull-in range 
is thus 16,250 — 15,250 = 1,000 eps, or +500 cps. The pull-in range is, 
thus, less than the hold-in range. 

The pull-in range is determined by the following factors: 


1. The control range of the control tube 
2. The phase detector output range 
3. The a-c heterodyne frequency amplification characteristic of the filter 
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The first two factors are the same as for the hold-in range, but the third 
factor is a new one and accounts for the pull-in range being less than the 
hold-in range. For a pull-in to take place when the free-running frequency 
is 500 cps above the synchronous frequency, it is essential that a 500-cps 
component be present in the control voltage which is applied to the control- 
tube grid. Thus the size of the filter-smoothing condenser C has a direct 
effect on pull-in range; a large value for C will result in a small pull-in 
range, and small value for C will result in a larger pull-in range. Con- 
denser C must not be made so small, however, that noise is permitted to 
pass through the filter, because that would defeat the purpose of the use of 
automatic control. Another danger of using too small a condenser is that 
the feedback may be so great at the fundamental frequency that self- 
oscillations may take place around the feedback loop. 

A danger also exists in using too large a condenser in that low frequency 
“hunting”? may take place, as in many servo or feedback control systems, 
Hunting may be avoided by feeding the control tube an anticipatory signal 
in addition to the main error signal. The anticipatory signal is the first 
derivative of the error signal. In very high-gain systems, hunting may 
also be caused by the first derivative signal, in which case an additional 
anticipatory signal, that of the second derivative, may be fed into the sys 
tem, etc. Usually, however, it is not necessary to go beyond the first 
derivative to obtain very good stability. Figure 9-39 shows a phase de 
tector circuit incorporating antihunt. 


Fig. 9-39. Phase-detector output filter circuit for suppressing direct synchronizing 
pulse information and for providing a first-derivative error voltage component to ft» 
complish antihunting. 


The principal error voltage is carried by resistors Ri and R, and is filtered 
by condensers Cs and Cs. Condenser Cs and R; differentiates the wave to 
provide the first derivative. Representative values for the circuit come 
ponents are: 


C. = 1,200 pf R, = 150,000 

Cz = 1,000 ppf R:z = 1,000,000 

Cs = 0.05 wf Rs = 33,000 

Cs = 3,300 ppt R,and Ry = 1,000,000 each 


Automatic phase and frequency control of the vertical scanning oscillator 
is seldom, if ever, used for two reasons. The first reason is that integrie 
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tion of the composite synchronizing signal to extract the vertical pulse pro- 
vides the useful by-product of reducing noise peaks to relatively insignifi- 
cant amplitudes. The second reason is that the use of automatic control 
delays the reestablishment of synchronism unduly, so that an annoying 
interval is required before synchronism is resumed once it is lost. 


PROBLEMS 


9-1. If the first six harmonics only of those listed in Table 9-2 are transmitted and if 
the time delay is constant for each harmonic, what does the ratio of t; to 7’ become instead 
of the ratio 1 to 8 obtained if all of the harmonics had been used? 

Answer: 


& = 0.18 instead of 0.125 


9-2. A saw-tooth wave generator produces an exponential scanning wave 
e = K(1 — e~%) (1) 


having a maximum value at at = 0.1. The amplifier that is used to amplify this wave 
has a plate current characteristic in terms of the grid voltage measured from plate cur- 
rent cutoff, defined by 
tp = Ke,” (2) 
(a) If the voltage EF is 250 volts and K is 10~‘, what is the value of zp at at = 0, at 
ot = 0.1, and at at = 0.05 if the second harmonic is to be eliminated, 7.e., if 
tnax i. to = to = dmin (3) 
(b) What is the bias voltage measured positively from cutoff? 
Answers: 
(a) tp at at = O is 7.371 ma 
ip at at = 0.1 is 13.554 ma 
ip at at = 0.05 is 10.462 ma 
(b) 48.2 volts 
9-3. (a) Derive the general attenuation equation for a three-stage integration net- 
work having all three condensers the same and all three resistors the same. Result 
should be in the form of Eqs. (9-106) and (9-109). 
(b) If the attenuation is 0.01 for f = fo, what is the attenuation for f = 0.1/.? Note 
how this compares with Eqs. (9-114) and (9-115) for the single and two-stage circuits, 
respectively. 


R R R 


Answers: 
(a) ot) ‘ i ara 
ON Ge te tf 
(b) -4 « 0.409 
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9-4. A 6J5 tube is used as a control tube in an AFC synchronizing circuit. Data for 
the tube are as follows (see illustration). 


» = 20 
Trmin = 7,000 ohms (at EH, = 0) 
e = 50 volts rms 


C = 2,000 ppt 

C, = 470 ppt 

R = 47,000 ohms 
Ey = 250 volts 


E, varies from 0 negatively only 
Smin aNd fmax are to be spaced evenly about 15,750 cps 


(a) Find the values for fmin and fmax corresponding to Z, = 0 and E, = cutoff, 
respectively. 
(6) Find the corresponding values for E,. 
Answers: 
(a) fmin = 15,120 cps 
Smax = 16,380 eps 
(b) EZ, =0 and —16 volts, respectively 


CHAPTER 10 
MISCELLANY 


In this chapter a few of the miscellaneous problems arising in trans- 
mitters and receivers will be treated. These will include such items as 
d-c restoration, automatic gain control, and a study of over-all fidelity. 

10-1. D-c Restoration. Video-frequency amplifiers are often a-c 
coupled, so that the d-c component of the signal is not transmitted. A 
device may be employed to restore the missing component by making use 
of information in the a-c component of the composite television signal. 

The information present in the a-c component is black level as repre- 
sented by the top of the blanking pedestal. In Fig. 10-1 two extreme types 


Fra. 10-1. Television signals lacking d-c restoration show a change in black level or 
pedestal position. At the left is an all-black picture; at the right is an all-white picture. 
Note that the pedestal or black level is shifted by an amount a in going from one kind 
of picture to another. 


of picture signals are shown. The one on the left is an all-black picture; 
the one on the right is an all-white picture. All other types of pictures lie 
intermediate between these extremes. The a-c axis of each waveform is 
indicated by the short dashes. It is seen that if the fixed bias is set so 
that black level just makes the picture-tube plate current flow, in the case 
of the all-black picture, then the region marked a in the all-white picture 
will be beyond cutoff; any detail in this area would be unseen. On the 
other hand, if the fixed bias is set so that black level causes plate current to 
be reduced to zero, in the case of the right-hand picture, it is seen that the 
region marked b in the all-black picture will be in the conducting region; 
blanking will not take place and no actual black will show at all. It is to 
overcome these deficiencies that d-c restoration is used. 

The simplest form of d-c restorer is a diode rectifier, connected as shown 
in Fig. 10-2. As connected, a positive polarity d-c component will be 
developed between the output terminals; superimposed on. this d-c com- 


ponent will be the input ae wave, ‘The amount of de developed for the 
201 
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two extreme types of pictures will bec for an all-black picture and d for an 


all-white picture, if the rectifier is an ideal zero-resistance device in the — 


conducting direction and an infinite resistance in the nonconducting direc- 
tion. Thus the a-c axis is different for the two types of picture instead of 
the same axis, as was the case in Fig. 10-1 when no d-c restoration was 


Cc 


vee ed 


Fie. 10-2. Simple d-c restorer utilizing a diode rectifier. 


provided. Figure 10-1 is consequently redrawn as Fig. 10-3 for the case 
of d-e restoration. 

The two black levels now occur at the same relative levels, so that if the 
picture tube is biased beyond cutoff by the amount f, as shown in Fig. 10-3, 
faithful reproduction will be obtained for the signal levels chosen. The 


New black \ 
picture New white 
axis picture 
axis 


Fig. 10-3. Television signal with d-c restoration functioning. The all-black picture 
at the left and the all-white picture at the right have their a-c axes shifted by the proper 
amounts so that the black level of each picture comes at the same voltage level. 


bias f, however, will not be correct for some other signal level or for 
signal having other percentages of synchronizing pulses to useful picture 
signal. For example, a signal running 50% synchronizing, instead of 25% 
synchronizing, amplitudes, would be increased by the operator of the re+ 
ceiver until the same black-to-white ratio in the picture was obtained, 
This would put black level up into the conducting region, and blanking 
would not be obtained. The operator would then have to reset the fixed 
bias more negatively to make blanking appear black, all of which must 
certainly appear confusing to the unskilled operator. 

This method of d-c insertion, however, is used quite generally because 
of its low cost and because, after all, most transmitters adhere reasonably 
closely to the FCC standards of operation. Another advantage is that the 
signal range to which the output is adjusted by the operator will usually 
lie within fairly close boundaries of voltages. 
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Another method of d-c insertion makes use of grid-to-cathode rectifica- 
tion of a composite television signal that is characterized by positive-going 
synchronizing pulses. Figure 10-4 shows the connection diagram for such 
asystem. The d-c component developed across the grid condenser C' and 
leak R is amplified, along with picture signal, by the amplifier tube. The 
amplified de and picture signal appears across load resistor R, and is 


Fig. 10-4. D-c restoration by utilization of the grid-cathode rectification characteristic 
of the video output amplifier. The amplifier must be d-c coupled to the picture tube 
control electrodes. 


directly coupled to the grid of the picture tube, thereby varying the bias 
level on that tube. 

If the requirement for d-c insertion is very exacting, there are several 
ways of accomplishing this, with varying degrees of complexity. Most of 
the effective circuits make use of keyed diodes or triodes. One of the 
simpler circuits is shown in Fig. 10-5. Use is made of two diodes, D: and 


Fie. 10-5. D-c restoration circuit employing keyed diodes made responsive to the 
“back-porch”’ or pedestal height by properly timed keying pulses. 


Ds, and a phase inverter triode 7. The negative pulses applied to the grid 
of 7 are so timed that they occur during that portion of the signal wave 
which is to be clamped. Since the pedestal is the level at which clamping 
is usually desired, the pulse signal should not begin until after the synchro- 
nizing pulse but should end before the end of the ‘‘back porch.” Con- 
denser C is charged or discharged by the voltage difference between the 


1 Wendt, K, R., Television DC Component, RCA Rev, March, 148, p. 85. 
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keying pulse amplitude and the signal H at that time. If the pulses are 
steady in amplitude, then the d-c component developed will vary directly 
with the signal level, which is the desired condition of the restorer. When 
this method of restoration is used, the height of the synchronizing pulses 
present in the voltage Z is unimportant and the reproduction of the picture 
will be practically free from d-c restoration distortion, thereby providing 


ug 


AGC< a 
Fic. 10-6. AGC circuit employing a diode D2 with a long time constant load cireuit 
R2Co. 


Dd 


Video 


a high fidelity of reproduction from at least the standpoint of d-c restorie 
tion. 

10-2. Automatic Gain Control. Automatic gain control, or AGC, is a# 
useful in television receivers as automatic volume control, or AVC, is in 
ordinary sound broadcast receivers.! 

In broadcast receivers the radiated carrier wave is constant and may be 
used as a reference level. This is a continuous reference and hence re 
quires nothing more than an averaging signal (not a peak signal) detector 
to obtain the required voltage. The signal radiated by the television 
transmitter, on the other hand, has a discontinuous or pulsed reference 
level, namely, the height of the synchronizing peaks or else, alternatively, 
the height of the blanking signals. Therefore, one of the simplest AGO 
systems is that in which a peak detector of the intermediate-frequency 
envelope is used for the bias voltage for i-f amplifier stages. Such a system 
is shown in Fig. 10-6. 

Diode D, is the picture second detector. Its load circuit time constant 
R,C; is made sufficiently short so that the highest modulating frequencies 
are faithfully followed. Diode D2 is the AGC diode second detector. Its 
load circuit time constant RC. is made sufficiently long so that the charge 
on Cz does not deteriorate appreciably from one synchronizing pulse to the 
next. The d-c output of this detector will thus be practically unaffected 
by picture modulation, being the same for either a black or a white picture, 
The minimum time constant for this detector can readily be solved for, 
Consider Fig. 10-7, which shows the outline of one-half the i-f envelope 


1Wendt, K. R., and A. C. Schroeder, Automatic Gain Controls for Television 
ceivers, RCA Rev., September, 1948, p. 873. 
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a solid black line. The d-c voltage developed by the diode is shown by 
the dashed line, having a saw-tooth wave shape. The requirement is that 
during the discharge cycle from b to c, the de should not fall below the 
pedestal height #». If the detector had zero impedance on the charging 


Fra. 10-7. Television waveform to study the effect of AGC time constant on the d-c 
voltage obtained. A shorter time constant than that which produces the dotted line 
shown would be subject to variations depending upon picture content. 


cycle from a to b, the de developed would be £, the height of the envelope. 
Thus the minimum value of RC may be solved for in the equation, 
t 


E, = Ee ®° (10-1) 
where ¢ = time from b toc 
Now according to United States standards, E./E is equal to 0.75 and 
t = 58 usec; therefore, solving Eq. (10-1) for RC, 


aaron eee 
ee. ay 
or 
te eet ae eee ez 
RC =i G/E) les ~ O87 7 202 X10 wee (Ae) 


Thus a one-megohm resistor and a 200-xuf condenser would, for example, 
constitute a minimum time-constant circuit. Actually, of course, a some- 
what longer time constant is needed, because the detector does not have 
zero impedance; hence # d-c volts will not be attained on the charging 
cycle. The value of dc attained will actually be Z; volts, which is obtained 
from Eq. (8-14) or from Fig. 8-6. Since it is essential that H,/E be at 
least 0.75, it is necessary to maintain r,/R less than 0.045. ~ 

This method for obtaining AGC control voltage may not be too satis- 
factory for two reasons. The first is that the absolute voltage level is 
usually too low for effective control; that is, the usual level of 2 to 3 volts 
de is not enough to give much control action on the i-f amplifier tubes being 
controlled. It is therefore customary to amplify the d-c voltage by a suit- 
able d-c amplifier before applying the voltage to controlled stages. This 
involves the use of an additional tube and may give rise to some instability 
so frequently encountered in dec amplifiers, The second reason that this 
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method is not too satisfactory is that noise pulses between synchronizing 
pulses also will be rectified and will cause AGC action of an undesired 
character; the system is particularly open to such interference because the 
duty cycle of the rectifier is so short compared to its rest cycle. 

Several circuits have been proposed for keyed AGC. The incoming 
wave is sampled only during blanking intervals when the transmitted 


Second video 
amplifier 


First video 


‘cectied amplifier 


| eetector 


pentode 


pee +135 = ~ 300 volt positive pulses 


follower >» 
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transformer 
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Fie. 10-8. Keyed AGC circuit. The gated pentode is rendered conductive only 
during horizontal retrace intervals by the 300-volt pulses, while the grid voltage deter- 
mines the magnitude of the AGC voltage permitted to be developed. Thus the d-¢ 
voltage developed across the 100-kilohm resistor is directly proportional to the video 
signal. 


power is high, so that noise will have a minimum effect. One method of 
accomplishing this is shown in Fig. 10-8. 

In this circuit the diode second detector is d-c coupled to the first video 
amplifier tube. The synchronizing pulses and blanking pulses thus occur 
in the plate circuit at fixed values for either black or white pictures. A 
pentode is connected as a gated tube with horizontal pulses from the hori+ 
zontal output transformer feeding the anode to produce a negative d-¢ 
voltage across a 100-kilohm resistor in the anode circuit. The stronger the 
incoming signal, the lower is the grid voltage on the gated tube and the 
greater is its plate current, causing a greater negative voltage to be pro= 
duced across the 100-kilohm resistor. This d-c voltage is fed into the grid 
of a cathode follower and appears as a negative voltage to ground across 
the 12-kilohm cathode resistor. The latter voltage is used for AGC, 
Since the pentode is open only during the keying pulses, it is immune most 
of the time to noise pulses; even those that do get through are clipped by 
plate current cutoff, owing to the negative-going noise signal on the grid 
of the first video amplifier. ‘The condenser C is chosen to be something 
between 0.1 and 0.5 wf. The former value makes the circuit particularly 
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fast so that it will follow airplane flutter, a variable r-f signal condition 
caused by incoming signals being received over two paths simultaneously, 
one direct and the other reflected from an airplane. The use of a small 
condenser, however, gives rise to a signal variation during the vertical 
synchronizing pulse. This situation is improved by making C about 0.5 uf. 
Intermediate values may be used that offer satisfactory compromises. 

10-3. Over-all Fidelity. A detailed discussion of all of the factors 
entering into over-all fidelity! of the reproduced image is beyond the scope 
of these notes. Such a discussion would include such items as viewing 
angle, visual-sensation characteristics, color response, persistence of vision, 
flicker, resolving power, response characteristics, brightness distortions, 
amplitude transfer characteristics, and noise. 

Schade concludes that the quality of television or photographic images 
depends in a large measure on three basic characteristics of the imaging 
process: the ratio of signals to random fluctuations, the transfer character- 
istic, and the detail contrast response. These characteristics, measured 
and determined by objective methods, apply equally well to all components 
of photographic and electro-optical imaging systems. An interpretation 
of the numerical values obtained by calculation or measurement of the three 
characteristics that determine image quality requires correlation with the 
corresponding subjective impressions: graininess, tone scale, and sharpness. 
Calculations and measurements have shown that, provided defects and 
nonuniformities in both processes are of comparable magnitude, a standard 
practical television system with a balanced resolution of 410 lines is tech- 
nically capable of attaining an image equivalent in quality to commercial 
35-mm motion pictures. 

Some of the interesting observations made were that a brightness range 
of about 50 to 1 was attainable with either system when the viewing room 
was in total darkness and when a 2% ambient light was present owing to 
light from the screen being reflected from objects in the room or from the 
glass surfaces of the cathode-ray-tube screen. 

Goldmark? proposes that a light-absorbing filter in the form of a film or 
plate be placed in front of the cathode-ray tube screen to improve the tonal 
range when the receiver is located in an illuminated room. The theory 
underlying this proposal briefly is that the light from the screen picture 
has to pass the filter only once and may be attenuated to a level, say, of a, 

1 A series of papers published in the RCA Rev., by Otto H. Schade, treats the subject 
from several standpoints under the general title of Electro-optical Characteristics of 
Television Systems, viz., Introduction, Part I—Vision and Visual Systems, March, 1948; 
Part I1—Eleetro-optical Specifications, June, 1948; Part I11—Electro-optical Charac- 
teristics of Cameras, September, 1948; Part 1V—Characteristics of Imaging System, 
December, 1948. 

*Goldmark, P, C., Brightness and Contrast in Television, Hlee, Lng., March, 1949, 
p. 287. 
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whereas ambient light has to traverse the filter twice—once to reach the 


fluorescent screen and again to have the reflected ambient light reach the — 


eyes of the observer, or has an attenuation of a?. Thus if a were 0.33, 
the reduction in relative ambient light dilution for a true black would be 
a/a? = 1/a = 1/0.33 = 3 times. 

Goldmark states that experiments with visual acuity and contrast 
recognition have shown that both reach their optimum for a given bright- 
ness when the surrounding illumination is about the same as the locally 
illuminated area. A surrounding too bright or too dim tends to decrease 
the effectiveness of visual functions. Furthermore, a highlight brightness 
of 20 ft-lamberts seems to be adequately high to provide nearly maximum 
acuity; hence the use of the neutral density filter is feasible for picture 
sources having highlight brightnesses in excess of 20 ft-lamberts. 

A 10FP4 cathode-ray tube operated at 11,000 volts can provide a high- 
light brightness of 80 ft-lamberts. Suppose the picture tube contrast ratio 
of highlight to “black” were 30, which is a reasonable figure. Also sup- 
pose a neutral density filter having a transmission factor of 7 is used where 


20 
1 = gq = 0.25 (10-3) 
The original ‘‘black”’ illumination level is 
Big 80 
Bnig = 30 = 30 7 2.67 {t-lamberts (10-4) 


Suppose now that the light reflected from the unfiltered screen were 10 [t+ 
lamberts; then the highlight brightness would increase to 


Etnx = Emax + Ea = 80 + 10 = 90 ft-lamberts (10-5) 


where H4 = reflected ambient light 
The black level would then become 


Ehin = Emin + Ea = 2.67 + 10 = 12.67 ft-lamberts (10-6) 


and the new contrast ratio would be 


a ee ee (10-7) 


However, with the filter in front of the tube, the value of the contrast ratio 
is improved because in this case 


Enin = nE min = 0.26 x 2:67 = 0.67 
E, = 7?Ea = 0.25? X 10 = 0.625 


whence 
Ervox — Emax + Ea _ 20 + 0.625 _ 
Blin” Bmin + Ba ~ 0.07 + 0.625 ~ 1° (10-8) 
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The contrast range has thus been more than doubled, which means that 
more than twice the number of different shades between black and white 
become discernible as compared to the unfiltered case, all of which added 
realism to the reproduced picture. 

Another item of fidelity that may be checked with commonly available 
measuring instruments is that of linearity in amplitude response. An ideal 
system is one that provides reproduced light in exact accordance with the 
original scene lighting; however, it has been found that other slopes than 
unity can give acceptable reproduction, providing the plot of light output 
vs. light input on log-log paper is a straight line, or simply that 


E, = kEy (10-9) 
where k is a constant 
7 is a constant exponent 

A critical analysis of the television system reveals that the following 
sources of nonlinearity are most likely to be of importance: (1) the receiver 
second detector and (2) the receiver picture tube. 

The diode detector nonlinearity has already received some consideration, 
and it was pointed out that high-level detection provided the best linearity. 
A black level output of at least two volts de is suggested as a minimum 
level for fairly linear response. The receiver picture tube has a very non- 
linear characteristic; but work is in progress to improve this characteristic, 
and it is expected that a considerable improvement in picture tubes will 
take place in the next few years. 

10-4. Intercarrier Sound System. The intercarrier system of sound 
reception! is a simplified type of sound system that is receiving increasing 
attention in receiver designs. In this method of sound reception, use is 
made of the frequency difference between the picture and sound carriers. 
Since the picture carrier is only amplitude-modulated, the carrier frequency 
is constant, so that when it is subtracted from the sound-channel carrier, 
which is frequency-modulated by the desired sound program, the differ- 
ence frequency will be frequency-modulated in a like manner. Thus the 
intercarrier system does not depend on any precise local oscillator frequency 
for its stability, and the system becomes free of troubles sometimes en- 
countered in conventional sound systems, such as frequency modulation 
of the local oscillator by a-c power frequency, oscillator drift, and microphon- 
ism in that movement of oscillator tube elements or oscillator circuit elements 
may produce frequency modulation that is detected along with the desired 
signals. 

In black-and-white television, using United States standards, the nomi- 
nal carrier-frequency difference is 4.5 Mc. The receiver is constructed 


1Dome, R. B., Carrier-difference Reception of Television Sound, Electronics, Janu- 
ary, 1947, p, 102, 
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with one i-f channel instead of two. The picture carrier is located half- 
way down one slope of the i-f response characteristic, and the sound is 
located down on the other slope, so that its level compared to the picture 
carrier is some 5% to 10%. With this treatment to the input to the second 
detector, the sound carrier will appear to the picture carrier as just another 
side band, so that in the detector output there will be found, in addition to 
the video frequencies, a 4.5-Me signal, which is frequency modulated with 
the sound. The 4.5-Mc wave will be amplitude-modulated to some extent 
by picture modulation, but this may be easily removed by the employment 
of suitable limiter circuits at a later point in the receiver. The amount of 
amplitude modulation present depends upon the ratio of the amplitudes 
of the two carriers at the second detector and is given by the following 
equation to an accuracy of better than 1%: 


amE\E » [ i 8a°m?E PE 2” ree) eee 
a (mE? + a2E 2)? 64(m?H;? =f aE 2”)? 


where mi, = amplitude of picture if 

ak, = amplitude of sound if 
Thus, if mE, = aH, = 1.0, then e = 0.715; but if mE, becomes equal to 10 
and aH, remains at 1.0, e rises to 1.00 only, showing that the output is more 
or less independent of the larger of the two signals. This is why the sound 
carrier is kept at low values compared to the picture carrier at the second 
detector; this is really the first step in limiting. 

The whole output of the second detector may then be amplified by the 
usual video amplifier. Separation of sound and picture may be made at 
the conductor leading from the video amplifier to the picture tube, as 
shown in Fig. 10-9. A transformer has its primary circuit 2 connected 
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Fie. 10-9. Intercarrier sound circuit. Transformer windings 2 and 5 are tuned to 
4.5 Me, the frequency difference between sound and picture carrier frequencies, After 
limiting in tube 6, detection takes place in discriminator diodes 8 and 9, 
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between the final video-amplifier tube 3 and the picture tube 4. The 
primary circuit 2 is tuned to 4.5 Mc. This tuning will prevent that fre- 
quency from appearing as picture modulation on the cathode-ray tube 
screen. At the same time it will provide a circulating current of consider- 
able strength in the primary. This current is sufficient to induce a 4.5-Me 
wave in secondary circuit 5, which is also tuned to 4.5 Mc. The secondary 
is connected to tube 6, which serves as a limiter-amplifier to feed discrim- 
inator transformer 7 and balanced detector tubes 8 and 9. These tubes 
detect the frequency modulation present on the 4.5-Mc wave; the resulting 
audio output is fed to audio-frequency amplifiers and to a loudspeaker for 
translation into sound. 

The successful operation of this sound system imposes a low. additional 
requirements on transmitters that are not present in conventional sound 
systems. Since any phase or frequency modulation on the picture carrier 


in this system is directly transferred to the 4.5-Mc-beat frequency and 


ultimately is detected, it is important to place a limit on the amount of 
phase or frequency modulation permissible on the picture carrier. Such a 
proposal is now under consideration by the Engineering Department of the 
Radio Manufacturers Association. 

Another transmitter requirement is that some picture carrier must 
always be present. This is necessary in order to detect the sound carrier 
continuously. The RMA has already acted upon such a proposal, and it 
is likely that the maximum inward modulation will be limited to 124% + 
214%, as compared to 100% at the height of the synchronizing pulses. 
This will provide a 10% safety zone perfectly adequate for the system’s 
operation. 

A third requirement is that the long-time drift of the 4.5-Mc frequency 
difference be reduced to as low a value as is practicable, since the 4.5-Me 
discriminator is fixed tuned at the receiver and any change in the frequency 
will cause unbalanced detection. A maximum tolerance of +5 ke has 
been suggested. 


CHAPTER 11 
PROPAGATION AND RELAYS 


11-1. Propagation. Television transmissions are assigned carrier fre- 
quencies above 54 Me, and the propagation of such waves differs consider- 
ably from transmissions below 30 Me. In the first place, long-distance 
transmission is almost unknown at the higher frequencies, whereas it is 
the ordinary use of short waves below 22 Me. In the second place, hills, 
buildings, and other large objects cast “‘shadows”’ at the higher frequencies 
but do not seem to interfere too seriously with low-frequency transmissions, 

This quasioptical characteristic of vhf (very high frequency, 30 Me to 
300 Mc) and uhf (ultrahigh frequency, 300 Mc to 3,000 Mc) limits the 
useful range of a transmitter-receiver system to distances little more than 
line of sight. The curving of the earth’s surface itself will finally cast a 
sufficiently deep shadow to attenuate a vhf signal to the point where it is 
lost in the noise of the receiver. 

A recent propagation study! at 67.25 Mc, 288 Me, 510 Me, and 910 Me 
showed how the higher frequencies of these four were more rapidly atten- 
uated, especially when the propagation path was over hilly terrain. 

The theoretical value for the field strength from a transmitter for speci- 
fied heights for transmitter and receiver antennas may be calculated. ‘The 
field strength is the vector sum of the component directly transmitted and 
the component reflected from the earth. The first component is compariix 


ble to free-space transmission and follows the inverse-distance law. The — 


second component is affected by the conductivity and dielectric constant 
of the earth and by the wavelength of the radio waves. When the two 
paths differ by a half wavelength or an odd multiple thereof, reinforcement 
is greatest. When the two paths differ by an even half wavelength, can- 
cellation is greatest and minima result. Finally, when the distance be 


comes sufficient, the last peak will have passed and it will be found that 


there will be an interval where the higher frequencies give higher field 
strengths than lower frequencies, because the path difference measured in 
wavelengths is greater for the higher frequencies. As might be expected, 
the ratio of field strengths is the same as the ratio of frequencies. or 
example, for antenna heights of 1,000 ft and 30 ft, and for a power of | kw 

1 Brown, G. H., J. Epstein, and D. W. Peterson, Comparative Propagation Measure. 
ments; Television Transmitters at 67.25, 288, 510 and 910 Megacyeles, RCA Rev., Juno, 


1948, p. 177. 
272 


Sec. 1] PROPAGATION AND RELAYS 273 


effective, in the range from 7 miles to 25 miles, the field strengths for 50 Me, 
100 Me, and 300 Mc bear the relative values of 1:2:6, approximately. In 
this region the field strengths fall off as the distance squared; this is due 
to the direct ray falling off inversely with distance and by its being canceled 
more and more effectively by the reflected wave; the two effects combined 
result in the distance squared effect. 

Finally the line-of-sight distance is reached; beyond this point the field. 
strengths fall off more rapidly for the higher frequencies, because of lower 


Kd >ke--- D -- > 


Fig. 11-1. Diagram of curved surface of the earth for computing grazing distances d 
and D from heights h and H. 


diffraction (bending around a solid object, the earth), so that in the example 
cited, at about 70 miles, the field strengths become nearly equal at the 
three frequencies. Beyond this point all frequencies show higher power 
attenuation factors, and the lowest frequency actually shows the highest 
field strength. 

Since all fields fall rapidly beyond the line of sight, this distance, and the 
field at this distance, are of special interest in marking the probable econom- 
ical limit of service area, because, in order to extend the service area beyond 
the horizon, inordinate and disproportionate increases in transmitter power 
would be called for. 

The line-of-sight distance may be calculated from a consideration of 
Fig. 11-1, in which 


= receiver-antenna height 
H = transmitter-antenna height 
r = earth’s radius 
D = distance to horizon from transmitter 
d = distance to horizon from receiver 
From geometry 
D? +r? = (r + H)? (11-1) 
whence 
D? = (r + H)* — rt 
me pt - Q2rH + H* — v3 
= 2rH -+- H* 
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whence 
D =V2rH + H? (11-2) 
However, since r > H, 
D =V2rH (11-8) 


It has been found by observations that the field strengths obtained fit 
the theoretical values more closely if the earth’s radius is taken as 43 its 
natural radius; since the natural radius is 3,950 miles, 


r = 4 X 3,950 = 5,260 miles (11-4) 
or 
r = 5,260 X 5,280 = 27.8 X 10° ft (11-5) 
Substituting the latter in Eq. (11-3), 
D = 7.45 X 10°VH ft (11-6) 


where H is in feet 

Equation (11-6) may be expressed in miles by dividing by 5,280, or 
7,450 
5,280 


D= VH = 141VH miles (11-7) 


where #7 is in feet 
In a similar manner, the distance d from the receiving antenna to the 
horizon can be shown to be 


d = 141Vh miles (11-8) 


The line-of-sight distance between receiver and transmitter antenna 
is thus equal to the sum of their individual distances to the horizon, or 


A=D+d=141VH + 141Vh = 1.41(VH +Vh) miles (11-9) 
Table 11-1 for A is made up for various combinations of H and h. 
Tapue 11-1. Line-or-staut Distances A, in Mitzs, ror Various TRANS= 


MITTING-ANTENNA Hxicuts H, In Frnt, anp Various RECEIVING- 
ANTENNA HeicutTs h, IN FEET 


H 
h 
100 2,000 

0 14 64 
10 19 69 
20 20 70 
30 22 72 
50 74 
100 78 


84 


Sxc. 1] PROPAGATION AND RELAYS 275 


An approximate equation! for the field strength for the line-of-sight dis- 
tance is 


_ 88hHVW 
hae ae 
where h = height of receiving antenna, in meters 
H = height of transmitting antenna, in meters 
W = effective watts radiated 
A = distance between antennas, in meters 
= wavelength, in meters 
Equation (11-10) is sufficiently accurate for distances somewhat less 
than A; it will fail to give accurate results when the two signal-path lengths 
have a difference in excess of half a wavelength. 
Equation (11-10) may also be extended for distances beyond the line of 
sight, but the exponent of A must be increased for that part of the trans- 
mission that takes place along the curved surface of the earth. The ex- 
ponent for A is shown in Table 11—2 for the frequencies specified, increasing 
with frequency as previously stated. These values were indicated values 
only, subject to confirmation when more data become available. 


& volts per meter (11-10) 


Tape 11-2. Exponent or A In Ea. 11-10 Waen Transmission Pato 
Is BEYOND LINE oF SIGHT 
(This exponent is used only for the portion of the path beyond line of sight; 
otherwise the exponent of A is 2.0) 


Frequency Exponent of 
20 Mc 3.0 
38 Me 3.5 
55 Me 4.0 
74 Me 4.5 
93 Me 5.0 
150 Me 6.0 
210 Mc 7.0 
300 Me 8.0 
430 Me 9.0 


The table also explains why shadows are so much deeper at the higher 
frequencies. 

As stated previously, measured field strengths approach theoretical 
values only over very smooth earth or over sea water. In the reference 
regarding tests at 67.25 Mc, 288 Me, ete., it was found that over ‘‘smooth” 
terrain (no hills higher than 230 ft), the field strength at 67.25 Me agreed 
with the theoretical; at 288 Me, only about 0.5 the theoretical field was 
obtained; at 510 Me, only 0.25 was obtained; and at 910 Me, only 0.1 was 


1 Beverage, H, H,, Some Notes on Ultra High Frequency Propagation, RCA Rev, 
Vol. 1, No, 8, January, 1087, 


276 TELEVISION PRINCIPLES [Szc. 1 


obtained, on the average. When the tests were repeated over hilly terrain, 
the results at 67.25 Mc were still centered about the theoretical; at 288 Mc, 
0.25 theoretical was obtained; at 510 Me, about 0.1 theoretical was ob- 
tained; and at 910 Me, about 0.05 theoretical was obtained. 

The important conclusion to be drawn from these observations is that, 
from a coverage standpoint, the lower frequencies are in general much to 
be preferred; they are especially to be preferred when the path is not 
optical. This condition exists in built-up urban sections where large build- 
ings obscure direct-path transmission and in rural areas where receiving 
sites are in sheltered valleys with ridges or hills intervening between trans- 
mitter and receiver. 

Equation (11-10) may be solved for A, in which case 


A=VW SS in (11-11) 


Thus, if & and 2 are fixed, the distance covered by such a field varies as 
the square root of the height, but as the fourth root of the power. From 
this viewpoint, in order to increase the range A, it is much more efficacious 
to increase the antenna height than to increase the power. The proper 
way to arrive at the final balance between antenna height and transmitter 
power is to plot the cost curves of each, add them together, and determine 
where the over-all minimum cost occurs. 

A few examples will be given to illustrate how the propagation equations 
may be applied to practical cases. 

Example 1. Determine the 500-zv per meter contour for a television station operating 
on channel 8 when the antenna height is 120 ft and the transmitter power is 5 kw, with 
an antenna gain of unity (two-bay turnstile). A standard receiving antenna height of 
30 ft is assumed. 


Solution: Equation (11-11) is used to obtain A. In this equation 


= 30 X .305 = 9.15 m (11-12) 
H = 120 X .305 = 36.5 m (11-18) 
300 _ 300 
A= fue 183 = 1.635 m (11-14) 
whence 

_ Vey 4 [BBX OS X 36.5 

A =¥'5,000 N500 x 10-* X 1.635 
= 50.3 km = 50.3 X 0.6214 mile = 31 miles (11-15) 


This is the theoretical distance and assumes line of sight. This should be cheekod, 
Using Eq. (11-9), 
1.41(V120 +V30) = 1.41(10.95 + 5.5) 
1.41(16.45) = 23.2 miles (11-16) 


Since this is less than 31 miles, 31 miles lies beyond line of sight; therefore Eq, (Ate4 
was incorrectly used in this instance. Thus, on a theoretical basis, the 5OO-pvolt 
moter contour will lie somewhere between 23 and 31 miles, 


A 


Ssc. 1] PROPAGATION AND RELAYS » 27 


Now if the empirical attenuation data are taken into account at 183 Me, field strengths 
that are realized are only about 0.5 the theoretical. Therefore Eq. (11-11) should be 
solved for A, with the field strength divided by 0.5. In this case 


A = 0.707 X 31 miles = 22 miles (11-17) 


This is less than line of sight and hence is probably the distance out to the 500-zvolt per 
meter contour. 


Example 2. Suppose the same station increased its antenna height to 550 ft and its 
effective power to 15 kw by employing a six-bay turnstile. What is the distance to the 
500-uvolt per meter contour? 


Solution: Line-of-sight distance now becomes 


A = 1.41(V550 +V30) = 1.41(23.4 + 5.5) 
= 1.41(28.9) = 40.6 miles (11-18) 
The theoretical value for A for 500 pvolts, assuming line of sight, is 
A =V75,000 88% 915 X 168 = 142 km = 88 miles (11-19) 


500 X 10° X 1.635 — 
The empirical estimate however is 
A = 0.707 X 88 = 62 miles (11-20) 


This is still beyond the line of sight, so that the 500-nvolt per meter contour must lie 
between 41 and 62 miles from the station. In order to locate this distance more accu- 
rately, the exponent for A will be changed beyond 41 miles from an exponent of 2 to an 
exponent of 6.5, from Table 11-2. From Eq. (11-10), modified by 0.5 to take care of 
observed attenuation at 183 Me, 


0.5 X 88 X 9.15 X 168V15,000 
1.635 X 65,500" 


where 65,500 = line-of-sight distance in meters 
Thus 


& = volts/m (11-21) 


& = 1,180 X 10-6 volts/m at 40.6 miles (11-22) 


At this point, the exponent of A shifts to 6.5. Evidently the value for & may be deter- 
mined beyond 40.6 miles by 


&= Z volts/m (11-23) 


where K is a constant 
K may be evaluated at A = 40.6 miles by using Eq. (11-22). Thus 


1130.< 10-° = aaa K = 1,180 X 10-® X 40.685 (11-24) 


Substituting Eq. (11-24) in Eq. (1 1-23), 


AUIS 10-§ X 40.685 
a Abd 


6.5 er 
d= 40.6 aypiso ie" (11-26) 


Since A was wanted for & = 500 X 107%, 


& (11-25) 


or 


ts 7 
A = 40.6 Wt « 40.0°/2.30 « 40.6 X 1.14 
« 46,5 miles (11-27) 
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This is equivalent to the distance between the center of the city of Syracuse, New 
York, and the outskirts of Utica, New York. The service range of the transmitter has 
thus been slightly more than doubled by changing the antenna height and by increasing 
the effective radiated power. 


11-2. Relays. The two methods employed in long-distance relaying of 
television signals are coaxial cable transmission and microwave radio-relay 
chains. The general qualifications for any relay system whether by radio 
or by cable are these: 

1. Relay repeater points must be sufficiently close to one another so 
that a noise-free signal is received over the system. In the case of radio 
relay, the points must be close enough together so that wholly optical paths 
are available between stations. In this way, very high frequencies (in the 
microwave region) may be used for relaying, so that the lower frequencies 
may be available for television broadcast purposes. Use should be made 
of strategically placed hills, buildings, and mountains in order to keep the 
number of relay points at a minimum. If the terrain is practically flat, 
200-ft towers may be used to obtain optical paths for 40 miles separation 
of relay points (Table 11-1). 

2. The relay station must reproduce the incoming signal most faithfully 
with amplifiers whose bandwidth handling capabilities are adequate to re« 
transmit the signal without frequency discrimination and with a uniform 
time delay over the video-frequency band. 

3. Nonlinear distortion must be kept at a minimum, because such dis+ 
tortion would give a change in picture contrast over the original, with « 
consequent loss in fidelity. 

Under the first qualification, let the signal amplitude applied to a re« 
peater be F,, and let the apparent noise voltage generated within the re« 
peater be #,, when referred to the input terminals. The output of the first 
repeater will be 


FE, = pwo(E, + E,) (11-28) 


where yo is the amplification of a repeater 
The output of the second repeater, assuming all repeaters to have an 
input noise of H,, will be 


Ee — bol oo Hs Ae E,) qr E,| 


where a is the transmission loss factor between repeaters 
Since the customary procedure is to arrange for the amplification to 
balance the attenuation, the product 


(11-29) 


Oo = 1 (11-80) 
Substituting this value for ayo, in Hq. (11-29), 
By = p(B, + By + By) (11-81) 


‘ 
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It is thus evident that the output signal and noise from z repeaters will 
become 
Ee = the (z. +> ii) (11-32) 
1 
The signal-to-noise ratio thus becomes 
: : 
i, c- (11-33) 
> En 
1 
But the sum of the noise voltages will be 
> En =V2E,? = EV (11-34) 
1 
Substituting this value in Eq. (11-33), 
S E, 
—— = 11-35 
N B,vVx ( ) 


This equation may be used to calculate the necessary conditions for any 
relay circuit desired. For example, in a 400-mile relay, what must be the 
signal-to-noise output of each and every relay, treating all input as signal, 
if the over-all signal-to-noise ratio is to be 100 times (or 40 db)? 
From Eq. (11-35), 
E 


=> — 11-36 
E,V10 ( 
where 10 is the number of repeaters 
Solving for Z./E, in Eq. (11-36), 
* = 100V10 = 316, or 50 db (11-37) 


A circuit to cross the continent (3,000 miles), with repeaters spaced 

40 miles apart, would require 
a ot a = 75 repeaters (11-38) 

40 
If this were substituted into Eq. (11-35), the quality of each repeater from 
a signal-to-noise ratio standpoint would be 
as = 100V 75 = 866, or 58.8 db 

An idea of the power output at each repeater required to achieve such 
a result, may be obtained from the section in Chap, 6 on receiver noise. 
The noise figure for a microwave receiver of good design, employing a 
silicon-crystal firat detector, will be about 15 db from ultimate. If the 


(11-39) 
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output signal-to-noise ratio is to be 60 db, the input signal ratio must then 
be 
60 + 15 = 75 db, or 5,600 times (11-40) 


above a hypothetical zero noise level. If R is the antenna resistance, the 


be 

E, = 1.28V0.5RF 10- volts (11-41) 
where F = bandwidth 
The noise power is 


= E? aa —20 q 
W,= 05R = 1.64F X 10-?° watts (11-42) 
The signal power then must be 
W, = 5,600°W, = 51.5F X 10-4 watts (11-48) 


The attenuation of the 40-mile transmission path must be calculated. 
Assuming a dipole transmitting antenna, from Eq. (11-10), the field 
strength at the receiving site is 


88(61)(61)VW _ 78.5VW 10- 


(64,500)? r i 
where 61 m = tower heights 
64,500 m = A = 40 miles 


If the receiving antenna is a half-wave dipole, the voltage developed 
across its terminals, open-circuited, is 


E, = &L (11-45) 


where Z is the effective height of the antenna 
The effective height of a half-wave dipole is 


A\2 = 2X 
‘= BE -> (11-46) 
Substituting this value for L in Eq. (11-45), 
Ry me & (11-47) 


This voltage will be reduced to one-half this value if the antenna is 
matched into a load resistance equal to the antenna resistance, so that the 
signal voltage becomes 


be (11-48) 


~ Oe 


Substituting the & of Eq. (11-44) into Eq. (11-48), 
(Baw = d ) 
= | —————— | 
d 2r, 
= 12.5VW 10 (11-49) 


&, 


thermal noise voltage at the input terminals of a receiver matched to R will 
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The delivered voltage is thus independent of the microwave frequency 
on a theoretical basis. 

The power developed by this voltage is 

Be _ (12.5vV-W10-*)* 

0.5R, 0.5 X 73.5 
where R, is the radiation resistance of the antenna = 73.5 ohms 

Equating Bigs. (11-50) and (11-43) and solving for W, 

4.26W 10-22 = 51.5F 10 


W,= = 4.26W 10-” (11-50) 


or 
W =0.121F watts (11-51) 
If F = 4 X 10° cps 
W = 484,000 watts (11-52) 
Thus, if only dipoles were used at transmitter and receiver, almost a 
megawatt would be required. Actually, of course, high-gain antenna sys- 
tems are employed in practice at both ends of the radio link. The power 
gain of a doublet antenna and parabolic reflector over a doublet is 
; aR\? 
Power gain = (=) (11-53) 
where R = radius of parabola opening 
d = wavelength 
Thus an 8-ft-diameter parabola at \ = 15 em (2,000 Mc) will have a gain 


of 
2 
7 48 bs 25) Pada (11-54) 


If the same size parabola is used at both ends of the link, the total power 
gain will be 


Power gain = ( 


Total power gain = 650? = 420,000 (11-55) 
The transmitter power then becomes, from Eqs. (11-52) and (11-55), 
Ww _ 484,000 


= 1.15 watts (11-56) 


sf Total power gain 420,000 


Actually, somewhat greater power should be used to take care of fading 
in case of atmospheric disturbances, rainfall, ete., which may add as much 
as 10 db to the attenuation between relay points. Ten watts is thus sug- 
gested for the transmitter in this example. : 


INDEX 


Amplifiers, saw-tooth wave, for electro- 


A magnetic cathode-ray tubes, bar- 
Airplane flutter, 267 rel distortion in, 233 
Amplifiers, 35-71, 73-78, 165-199, 208- deflection coil maximum length, 232 
209, 223-224, 230-2438, 265, 278-281 horizontal output transformer, 241 
class C, 73-75, 79 linearity control, 237 
d-e for AGC system, 265 magnetic energy in yoke, 233-235 
grounded-cathode, for receivers (see In- pincushion distortion in, 233 
put circuits, r-f receiver) plate-voltage plate-current excur- 
for transmitters, 88-93 sions in, 236 
grounded-grid, for receivers (see Input power in sweep yoke, 234-235 
circuits, r-f receiver) relation between deflection and 
for transmitters, 93-100 tube dimensions, 231-234 
intermediate-frequency (see Amplifiers, size control, 237 
receiver i-f) sweep tubes for, 236 
radio-frequency (see Input circuits, voltage across yoke in, 235-236, 
r-f receiver; Transmitters) 238-240 
receiver i-f, 165-199 for electrostatic cathode-ray tubes, 
choice of intermediate frequency, 168- 223-224 
176 transmitter r-f (see Transmitters) 
from attainable gain standpoint, vertical-sweep linearity, 242-243 
172-176 video-frequency, 35-71, 73-78, 208-209 


from direct i-f interference stand- 
point, 170-171 
from image attenuation standpoint, 


calculation of upper frequency limit, 
35-36 
cathode by-pass in, 65-66 


168-170 cathode-follower, 59-65, 70 
from selectivity attainable stand- adapted to feed cable, 70 
point, 171 input impedance of, 64 


from stability standpoint, 172-176 
coupled circuits in, 176-190 
general considerations, 165 
multistage with coupled pairs, 189- 
190 
optimum selectivity in, 168-170 
with one-, two-, and three-tuned 
circuits, 169-170 
over-all gain considerations in, 165- 
168 
with staggered circuits, 191-194. 
receiver r-f (see Input circuits, r-f re- 
ceiver) 
for relay systems, 278-281 
saw-tooth wave, 223-224, 230-248 
for cloctromagnetic cathodesray tubes, 
230-242 
2a 


as an oscillator, 64-65 
output voltage gain, 61-63 
limit of, 61 
simplified equivalent circuit, 63 
uniform frequency response in, 63 
dual-triode as two-stage, 209 
frequency range of, 35 
gain requirements in receiver, 208-209 
high-frequency compensation of, 36-54 
four-terminal networks for, 50-54 
with four compensating elements, 
52-54 
with single inductance, 50-51 
with three compensating ele- 
ments, 52 
with two compensating induet- 
ances, bbef2 
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Amplifiers, video-frequency,  high-fre- 
quency compensation of, two-termi- 
nal networks for, 36-50 

amplitude characteristics of, 38, 
40, 41, 42 
with resistance only, 38 
with shunt peaking induct- 
ance, 40, 41, 42 
* derived from filter theory, 44-48 
with one shunt inductance, 39-42 
with one shunt inductance and 
one condenser, 43-44 
with resistance only, 36-38 
summary of, 48 
transient response in, 48-50 
with two inductances and one 
condenser, 46-48 
low-frequency compensation of, 54- 
59 
amplitude response, 54 
with five added elements, 59 
with three added elements, 57-59 
transient response, 54-55 
with two added elements, 55-57 
time delay in, 57 
noise in, 66-69 
equivalent noise resistance, 67-68 
external sources of, 66-67 
merit factor, 68-69 
shot effect, 67-68 
thermal agitation, 68 
output capabilities, 69-70 
requirements of, 35 
sereen-grid by-pass in, 65-66 
transmitter low-level, 73-78 
time delay characteristic of, 38, 40, 
41, 42 
two-terminal network, with resist- 
ance only, 38 
with shunt inductance, 40, 41, 42 
Antennas, 102-121, 281 
batwing, 110 
broad-band types, 109-110, 115-117 
batwing, 110 
double-cone, 109-110 
horn, 115-117 
rhombic, 109 
double-cone, 109-110 
horn, 115-117 
with parabolic reflector, 281 
receiving, 112-120, 281 


Antennas, receiving, directional, 114-120, 
281 
dipole as, 117-120 
with driven reflector, 118-119 
with parasitic reflector, 117-118 
folded-dipole V as, 114 
horn as, 115-117 
cutoff frequency of, 116 
flare angle of, 116 
impedance of, 116-117 
power gain of, 117 
multi-element arrays, 120 
with parabolic reflector, 281 
folded-dipole, 112-114 
broad-band compensation in, 112= 
113 
impedance transformation by, 118= 
114 
folded-dipole V, 114-115 
with parabolic reflector, 281 
for relay systems, 281 
rhombic, 109 
transmitting, 102-110, 281 
batwing, 110 
broad-band, 109-110 
batwing, 110 
double-cone, 109-110 
rhombic, 109 
diplexer for, 110-111 
double-cone, 109-110 
with parabolic reflector, 281 
rhombic, 109 
simple dipole, 102-107 
bandwidth of, 106-109 
compensation networks for, 105= 
107 
by lumped constants, 105-106 
by transmission line, 106-107 
equivalent lumped constants of, 
103-105 
equivalent surge impedance of, 105 
106 
impedance circle diagram of, 102 
turnstile, 107-109 
broad-band compensation in, 108 
109 
impedance of, 107-109 
phasing link, 107 
Aspect ratio, 26 
Attenuation, 168-170, 176-177, 198100 
image in receivers, 168-170 
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Attenuation, infinite with bridged-T net- 
work, 198-199 
optimized in coupled circuits, 176-177 
Automatic frequency control of scanning 
oscillator, 254-259 
Automatic gain control, 264-267 
by keyed rectifiers, 266-267 
by peak detector, 264-266 
d-e amplifier for, 265 
time constants of, 265 


B 


Back porch, 214 

Barrel distortion in sweeps, 233 

Batwing antenna, 110 

Below, Fritz, 43 

Berg, E. J., 228, 238, 239 

Beverage, H. H., 275 

Black-level standards, 214-215 

Blanking signal standards, 211-214 

Blocking oscillator saw-tooth wave gen- 
erator, 220-222 

Bridged-T network, 198-199 

British television standards, 211 

Brown G. H., 119, 272 

Burroughs, F. L., 194 ° 


C 


Camera tubes, 16-26 
iconoscope, 17-21 
image dissector, 15-16 
image iconoscope, 21-22 
image orthicon, 22-26 
orthicon, 22 
multipactor, 16 
superemitron, 21-22 
Carter, P. 8., 109 
Cathode-follower (see Amplifiers, video- 
frequency, cathode-follower) 
Cathode-ray tube (see Tubes, cathode-ray) 
Channels, VHF television frequency, 72- 
73 
Clamp in d-e restoration, 261-264 
Class B linear amplifier, 88-100 
Class C modulated amplifier, 79 
Compensation in video-frequency ampli- 
fiers, 86-59 
for high frequencies, 86-54 
for low frequencios, 54-59 
Contrast range, 207-209 
with light-absorbing filter, 267-260 


Contrast range, without light-absorbing 
filter, 267 
Converter equivalent noise resistance, 68 
Converter-oscillator, 160-163 
conversion gain, 162-163 
with 6AU6 tube, 163 
converter cathode-bias resistor, 161 
oscillator to converter coupling con- 
denser, 163 
Correction plate, 32-33 
Coupled circuits, 79-88, 176-190 
as i-f interstage networks, 176-190 
design procedure with, 184-189 
double-peak response, 177-179 
gain with, 179-183 
as function of ratio of Q: to Qs, 179- 
182, 183 
as function of varying absolute 
value of Q’s, 182-183 
when Q ratio and absolute values 
both varied, 183-184 
in multistage amplifier, 189-190 
optimized attenuation with, 176-177: 
transmitter band-pass, 79-88 
with 3% peak-rise, 81-88 
secondary series tuned, 83-86 
secondary shunt tuned, 86-88 
universal attenuation curves for, 80 


D 


Damping diode (see Efficiency diode) 
D-c component, 6-7, 261-264 
for cathode-ray tube reproducer, 261— 
264 
for neon-lamp reproducer, 6-7 
Dead-end filters, 44-48, 50-51, 52-54 
Decay time of phosphors, 13, 26, 27 
Deflection, 223-224, 230-242 
electromagnetic, 230-242 
maximum coil length, 232 
electrostatic, 223-224 
de Gier, J., 31 
Detectors, 201-209, 254-258, 269 
first, 160-163 
nonlinearity affecting gamma, 269 
of phase in a-f-c system, 254-258 
second, 201-209 
d-c component of current, 205 
effective input resistance of, 204, 208 
oflicionay, 207 
load on preceding cireuil, 204-208 
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Detectors, second, output vs. input volt- 
age characteristic, 201-203 
power loss in, 206-207 
ratio of plate resistance to d-c load 
resistance, 205-206, 207-208 
relation between current and voltage, 
* 202-203 
Differentiation, 243-244 
Diode, damping, 236-240 
efficiency, in sweep amplifiers, 236-240 
Diplexer, 110-111, 120-121 
Discharge tube saw-tooth wave generator, 
216-219 
Dishington, R. H., 201 
Disk, scanning, 3-8 
design of, 5 
as reproducer, 6-8 
as transmitter, 3-6 
Dissector, image (see Image dissector) 
Distortion in sweep patterns, 233 
Dome, R. B., 269 
Double-cone antenna, 109-110 
Double peak response in coupled circuits, 
177-179 
Doublet, staggered, in i-f amplifiers, 190- 
193 
E 
Efficiency diode in sweep systems, 236-240 
Electromagnetic cathode-ray tube scan- 
ning amplifier, 230-242 
Electron multipliers, 16, 25 
in image dissector multipactor, 16 
in image orthicon, 25 
Elements, picture, calculation of, 35 
Epstein, J., 272 
Equalizing pulse, standards, 211-214 
Equivalent noise resistance, 67-68 
in receiver input circuits, 123 
in video-frequency amplifiers, 67-68 


F 


Farnsworth, P. J., 15 

FCC, standard television waveform, 211+ 
214 

Field frequency, 210 

Field strength, 275-278 

Filters, 44-48, 50-51, 52-54, 105-107, 
197-199, 267-269 

band-pass, 105-107 


as dipole compensation network, 105~ 


106 


Filters, band-pass, transmission line as, 
106-107 
light-absorbing, 267-269 
low-pass, in video-frequency compensa~ 
tion, 44-48, 50-51, 52-54 
M-derived, as i-f circuits with trapping 
action, 197-199 
Flicker dependence on brightness, 3 
Folded-dipole antenna, 112 
Follower, cathode- (see Amplifiers, video- 
frequency, cathode-follower) 
Foster, D. E., 51 
Four-terminal networks, 50-54 
Fourier harmonic analysis, 224-230, 250- 
251 
cosine coefficient in, 225 
d-c component in, 225 
of rectangular pulses, 250-251 
of saw-tooth waves, 224-228 
cosine coefficient, 226 
d-c component, 226 
sine coefficient, 227-228 
table of coefficients for 12.5% retrace, 
228 
sine coefficient in, 225 
Frame frequency, 210 
Fredendall, G. L., 254 
Frequencies, television broadcast, 72-73 
Friend, A. W., 241 
Front porch, 214 


Gain, attainable in i-f amplifiers, 172 AT6 
in coupled-circuit i-f amplifier, 179-188 
Gamma of transducers, 269 
Gas tube saw-tooth wave oscillator, 210 
220 
Goldmark, P. C., 267 
Grazing incidence distance, 273-274 
Grid-bias modulation, 100 
Grid rectification for d-c restoration, 208 
Grounded-grid amplifiers, 93-99, 186-141 
in receiver, 136-144 
in transmitter, 938-99 


H 


Harmonic analysis (see Fourier harmoni¢ 
analysis) 

Harris, W. A., 67 

Head-ends, 156-160 

“Heaviside’s Operational Caleulus,” 228, 
288, 230 
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Hickok, W. H., 21 

High-frequency compensation, 36-54 
High-voltage rectifier, 237, 242 

Hold-in range of a-f-c oscillator, 257, 258 
Horizontal frequency standards, 210 
Horn antenna, 115-117 

Hunting in a-f-c system, 258 


I 


Iams, H., 21, 22 
Iconoscope, 17-21 
elements of, 17 
equivalent output circuit of, 20 
for film pickup, 21 
image, 21-22 
memory in, 18 
mosaic of, 17 
operation of, 17-22 
with P-light bias, 21 
shading control for, 19 
signal plate of, 17 
spray effect in, 19 
Image attenuation, 168-170 
Image dissector, 15-16 
elements of, 15-16 
multipactor with electron multiplier, 16 
Image iconoscope, 21-22 
Image orthicon, 22-26 
construction of, 23 
electron multiplier of, 25 
operation of, 23-24 
performance characteristics of, 25-26 
two-sided target of, 24-25 
Input circuits, r-f receiver, 122-164 
noise factor (see Noise factor in receiver 
input circuits) 
requirements, 122 
tuning methods, 156-160 
continuous tuning, 157-159 
turret tuning, 160 
wafer switching, 159-160 
Insertion, d-c, 261-264 
Integration, 244-251 
Intercarrier sound system, 79, 269-271 
incidental phase modulation in trans- 
mitter, 79 
neutralization of transmitter, 79 
principle of, 269 
requirements of transmitters, 79, 271 
achomatic diagram of receiver, 270 
shape of ief roaponse in, 270 


Interlace, 210-211 
Intermediate-frequency amplifiers (see 
Amplifiers, receiver i-f) 


J 
Janes, R. B., 21 


K 


Kallmann, H. E., 49 

Kerr cell in projection receiver, 8 
Keyed automatic gain control, 266-267 
Keyed diode d-c restorer, 263-264 
Kick high voltage supply, 237, 242 
Kimball, C. N., 51 


L 


Labus, J., 102 

Lamp, neon for mechanical reproducer, 
6-7 

Law, H. B., 22 

Lens, f rating of, 32 

Light-absorbing filter, 267-269 

Line frequency standard, 210 

Line-of-sight distance, 273-274 

Linearity in saw-tooth wave generation, 
218-219 

Lines, number of horizontal, 211 

Low-frequency compensation, 54-59 


M 


M-derived filters, 44-48, 50-51, 52-54, 
197-199 
band-pass, 197-199 
low-pass, 44-48, 50-51, 52-54 
Maloff, I. G., 230 
Mirror, spherical, 32-33 
Mirror screw in mechanical receivers, 8-9 
Mixer, 160-163 
Modulation, grid-bias, 100 
Modulation index, 167-168 
Modulator, cathode-follower as, 73-78 
Morton, G. A., 21 
Multipactor (see Image dissector) 
Multiplier, electron, 16, 25 
Multistage amplifier with coupled pairs, 
189-190 
Multivibrator, 222-223 


N 


Nock shadow, 282 
Nogative modulation, 24 
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Negative picture, 7 
Noise factor in receiver input circuits, 
122-159 
with cascode amplifier, 149-157 
. with converter following, 155-157 
with no step-up transformer, 155- 
157 
for two 6AB4 and one 12AT7 
tubes, 156 
with step-up transformer, 157 
input tubes only, 149-155 
with no step-up transformer, 149- 
153 
with two 6AB4 tubes, 152-153 
with step-up transformer, 1538-155 
with two 6AB4 tubes, 154-155 
with combination grid and cathode fed 
pentode amplifier, 144-149 
with converter following, 148-149 
with 6CB6 and 12AT7 tubes, 149 
input tube only, 144-148 
with 6CB6 tube, 146-148 
definition of, 122-123 
equivalent noise resistance in, 123 
with grounded-cathode pentode ampli- 
fier, 124-136 
with converter following, 131-136 
with no step-up input transformer, 
181-135 
for 6CB6 and 12AT7 tubes, 1382- 
135 
with step-up input transformer, 
135-136 
input tube only, 124-131 
with no step-up input transformer, 
124-130 
for 6CB6 tube, 127-129 
with step-up input transformer, 
130-131 
for 6CB6 tube, 131 
with grounded-grid triode amplifier, 
136-144 
with converter following, 142-144 
for 6AB4 and 12AT7 tubes, 143- 
144 
input tube only, 136-142 
for 6AB4 tube, 140-142 
of “ideal” receiver, 124 
shot effect component of, 1238 
summary of examples, 157, 158 
thermal agitation component of, 128 


Noise in relay systems, 278-279 

Noise in video amplifiers, 66-69 

North, D. O., 67 

Null, with bridged-T network, 198-199 


O 


Optimized attenuation for coupled cir- 
cuits, 176-177 
Optimized selectivity in multiple-tuned 
circuits, 168-170 
Orthicon, 22 
image (see Image orthicon) 
Oscillation, 64-65, 96-97, 172-176 
in cathode-follower, 64-65 
in grounded-grid amplifier, 96-97 
in i-f amplifier, critical frequency of, 
172-176 
Oscillator, 64-65, 160-163, 219-223, 254— 
259 
automatic frequency control of, 254-250 
blocking, 220-222 
cathode-follower as, 64-65 
in converter-oscillator, 160-163 
gas-tube, 219-220 
multivibrator, 222-223 
relaxation (see Saw-tooth wave generie 
tion) 


P 


Painter, W. H., 31 
Parabolic reflector in relay systems, 251 
Parasitic reflector, 117-118 
Peaking in saw-tooth wave generation, 241 
Pedestal, 211-214 
Peterson, D. W., 272 
Picture second detector (see Detectors, 
second) 
Picture tube, nonlinearity as affecting 
gamma, 269 
(See also ‘Tubes, cathode-ray) 

Pincushion distortion in sweeps, 233 
Polarity, reversal of picture, 7 
Positive picture, 7 
Projection systems, 8, 31-33 

with cathode-ray tubes, 31-83 

with Kerr cell and disk, 8 
Propagation, 272-278 

antenna heights in, 273-276 

beyond line of sight, 275 

ompirical factors for rough torrain, 27h« 

276 
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Propagation, grazing incidence distances 
in, 273-274 
line-of-sight, 273-275 
at 67.25, 288, 510, and 910 Me, 272 
Pull-in range of a-f-c system, 257-258 


R 


Radiation resistance, 102-103, 107-109, 
112-114, 116-117, 118-120 
of dipole, 102-103, 118-120 
with driven reflector, 118-120 
of folded dipole, 112-114 
of horn, 116-117 
of turnstile, 107-109 
“Radio Engineering,” 238 
Rankin, J. A., 51 
Receiver, mechanical, mirror screw, 8-9 
projection type, 7-8 
Receiver converter-oscillator, 160-163 
Receiver i-f amplifiers (see Amplifiers, re- 
ceiver i-f) 
Receiver input tuning, 156-160 
Rectifier kick high-voltage supply, 242 
Reflector, antenna, 117-118, 118-119, 281 
driven, 118-119 
parabolic, 281 
parasitic, 117-118 
Relaxation oscillators (see Saw-tooth wave 
generation) 
Relay systems, 278-281 
antenna gain requirements, 281 
gain requirements of, 279 
noise requirements in, 278-279 
number of repeaters required, 279 
power output of repeaters, 279-281 
qualifications for, 278 
Resistance, effective load of diode de- 
tector, 204-208 
equivalent noise, 66-67, 68, 123 
in converters, 68 
in receiver input circuits, 123 
in video-frequency amplifiers, 66-67 
Resolution, compared to motion pictures, 
267 
Restoration of de, 261-264 
importance of, 261 
by keyed diodes, 2638-264 
by rectifier at picture tube, 261-262 
by video amplifier grid-cathode recti- 
fieation, 268 
Retrace time, 228220 
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Rhombic antenna, 109 
Rinea, H., 31 

Roberts, W. van B., 112 
Roder, Hans, 81 

Rose, A., 22 


s 


Saw-tooth wave generation, 215-223 
by blocking oscillator, 220-222 
by driven discharge tube, 216-219 
by gas tube, 219-220 
linearity in, 218-219 
by multivibrator, 222-223 
in receivers, 219-223 
synchronization in, 219, 220, 221, 222, 
223 : 
Scanners, 3-6, 12-14 
cathode-ray tubes as, 12-14 
mechanical, 3-6 
for motion-picture film, 5 
for outside pickup, 5, 6 
for studio pickup, 4 
Scanning, 2, 210-259 
amplifiers (see Amplifiers, saw-tooth 
wave) 
efficiency diode in, 235-240 
Fourier harmonic analysis in, 224-230 
linear, principle of, 2 
number of lines in two-fold interlace, 211 
saw-tooth wave generation of, 215-223 
Schade, O. H., 236, 267 
Schmidt optical system, 32-33 
correction plate for, 32-33 
efficiency of, 32 
spherical mirror for, 32-33 
Schroeder, A. C., 264 
Secondary emission, 16, 19, 21, 23-25 
in iconoscope, 19 
in image dissector, 16 
in image iconoscope, 21 
in image orthicon, 23-25 
in superemitron, 21 
Seeley, S. W., 51 
Separation, 248 
of synchronizing pulses and picture sig- 
nal, 243 
of vertical and horizontal pulses, 243 
Serrated vertical pulse standards, 211-214 
Shading control, 19 
Shot effect noise, 67-68, 123 
in radio-frequency amplifiers, 123 
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Shot effect noise, in video-frequency am- 
plifiers, 67-68 
Siegel, E., 102 
Singer, C. P., 49 
Sound system, intercarricr, 79, 269-271 
Sound take-off traps (see Traps, receiver) 
Spencer, R. E., 49 
Stability in i-f amplifiers, 172-176 
Staggered-tuned circuits, 191-194 
doublet, 190-193 
design procedure for, 192 
n-staggered circuits, 194 
triplet, 193-194 
design procedure for, 194 
Standards, United States television wave- 
form, 211-214 
Superemitron, 21-22 
Supersyne, 211-214 
Surge impedance, of antennas, 103, 105- 
106, 116-117 
of dipole, 103, 105-106 
of horn, 116-117 
of transmission lines, 90 
Synchronization, 7, 219, 220, 221, 222, 223 
of Nipkow disk, 7 
of relaxation oscillators, 219, 220, 221, 
222, 223 
Synchronizing pulses, 243-259 
automatic frequency control of, 254-259 
balanced detector in, 256 
hold-in range of, 257, 258 
hunting in, 258 
pull-in range of, 257-258 
for vertical oscillator, 258-259 
differentiation of, 243-244 
of half-sine waves, 252-254 
of rectangular pulse, 251-252 
time-constants in, 251-254 
integration of, 244-251 
elementary circuit, 244-245 
harmonic analysis, 250-251 
multiple-stage, 246, 247-248, 251 
single-stage, 246, 247, 248-250 
time constants in, 248-251 
separation from picture signals, 243 
signal pulse generator, 215 
standards, 211-214 


1 
“Television” Vol. I, 11, 27, 28, 230 
Vol, I, 29 


Terman, F. E., 233 
Thermal agitation noise, 68, 123 
in receiver input circuits, 123 
in video-frequency amplifiers, 68 
Thomas, H. P., 97 
Thompson, B. J., 67, 172 
Time delay in video-frequency amplifiers, 
38, 40, 41, 42 
Tourshon, S. I., 236 
Transformer, horizontal-sweep, 241 
Transient response of two-terminal net- 
works, 48-50 
Transitional coupling, 168-170 
Transmission lines, 88-90, 106-107, 118= 
120 
as compensation element, 106-107 
as matching section, 107, 118-120 
reactance of, 89-90 
surge impedance of, 90 
as tuned circuits, 88, 89-90 
Transmitters, 73-100, 110-111, 120-121 
band-pass circuits for, 79-88 
class B linear amplifiers, 88-100 
cathode-grounded, 88-93 
grid circuit, 89-93 
grid loading in, 90-93 
with negative bias, 90-92 
with zero bias, 92-93 
tuning of, 89-90 
plate circuit, 90 
grounded-grid, 93-100 
anode input power, 99 
conditions for oscillations, 96-97 
driving power, 97-99 
input impedance, 95-96 
output power, 98-99 
voltage gain, 94-95 
class C modulated amplifiers, 73-75, 70 
diplexer for, 110-111, 120-121 
exciter for modulated amplifier, 73 
grid-bias modulation of, 100 
modulator for, 73-78 
neutralization of, 79 
video-frequency amplifier for, 73-78 
Traps, 100, 194-199 
receiver, 194-199 
bridged-T network, 198-199 
cathode, 197 
inductively coupled, 197 
M-derived filter as, 197-199 
norios-tuned, 105-107 
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Traps, transmitter, 100 
Traveling-wave antenna, 109 
Triplet, staggered, in i-f amplifier, 193-194 
Tubes, 10-33, 67-70 
beam power output, 70 
cathode-ray, 10-15, 26-33 
electron optics of, 11 
elements of, 10 
5WP15, 13-15 
light output vs. grid voltage, 29-31 
operation of, 8-11 
projection, 31 
for receivers, 26-31 
RMA designations for, 13 
as scanners, 12-14 
Schmidt optical system for, 32-33 
7BP7-A, 30 
spot size of, 27-28, 29 
38BP1-A, 30-31 
camera (see Camera tubes) 
equivalent noise resistance of pentode, 
68 
tetrode, 68 
triode, 67-68 
video-frequency, with high output capa- 
bilities, 70 
Tuner, for receiver, 156-160 
Turnstile antenna, 107-109 
Two-terminal networks, 36-50 


U 


United States standard 6 Mc channel, 79 
United States standard television wave- 
form, 211-214 


Vv 


Vacuum tubes (see Tubes) 

van Alphen, P. M., 31 

Vertical frequency, 210 

Vestigial side band, 81 

Video-frequency amplifiers (see Ampli- 
fiers, video-frequency) 

Vision, persistence of, 3 


WwW 


Waveform, standard synchronizing, 211— 
214 

Weimer, P. K., 22 

Wendt, K. R., 254, 263, 264 


x 
X rays in high-voltage tubes, 33 
4 
Yoke, sweep for electromagnetic tubes, 
230-242 
Z 
Zero-bias class B amplifier, 92-93 
Zworykin, V. K., 11, 17, 21, 31 


54 i i 7 i 
= a i> I 
- ij 
= 3 © » ©lliou 1 u 
s & —! mas Lid > 
ls 3 § Fi ky Mb Fool m& ' i 
= LC > me | i! § ECE :ot 
et ae — omeed f 
it io 2 ee ee a | 
ay i {> rz, 4 
i o J ot YE DO . | f 
2 C9 ¥ CH eae 
a3 ae... ; ; 
t 
u " a i | » omit 
TUTTI on oe ull aug a | crue 
Pa i 
ou ae ea SS ee ee ee a a ee ee i 
-~----S3 1d LINTAd-NOIST AS 1a ied LAS DA- SWOT SIME 99ML 


